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CHAPTER 1:
INTRODUCTION

More human suffering can be attributed to the mosquito than to any other
organism on the planet1. The impact of this insect ranges from simple annoyance to
extreme human morbidity, to over a million human deaths a year1. The ability to
monitor and control these populations is crucial for the quality of life of the
communities they inhabit. This thesis addresses this issue through the development and
implementation of a community-driven mosquito surveillance program within the east
Ugandan community of Papoli. This program focuses on larval control techniques often
used in American mosquito control and integrates them with the common practices of
mosquito control in Uganda as well as Africa as a whole.
All mosquito larval habitats in close relationship with the community were
surveyed weekly over a 16 week period. The data generated was charted spatially over
time to clearly display the succession of all habitats of interest. Identified habitats were
analyzed on a weekly basis and as a complete dataset to generate statistically significant
larval habitat locations, or hot spots. These hotspots organized into 2 categories:
habitats producing malaria transmitting Anopheles mosquitoes and those producing
nuisance biting species. These hot spots were displayed on a weekly basis in statistically
1

significant spatial models. Analysis of these models in a temporal fashion allowed for
the spatial succession of all species of interest to be clearly depicted over the entire
study period.
Once completed a comprehensive database of the mosquito distribution, both
malaria-vector and otherwise, was developed for Papoli. This information could be
utilized for efficient and effective mosquito control through the treatment of critical
habitats at identified points in time. Treatment using this approach will severely impact
adult mosquito populations, resulting in a reduction of disease transmission and
nuisance biting. Such a system would be effective, economically efficient, and
environmentally friendly, further benefitting the quality of life within the community of
interest.

Mosquito Control
Impoinvil et. al. 2007 defines mosquito control as:
‘Any program that conducts mosquito control as a tool for the prevention
of vector-borne disease and/or for the reduction of nuisance-biting
mosquito populations’2.
Similarly, it must be taken into consideration that mosquito control, regardless of
location, operates within the context of its own unique political, economic, social, and
technological environment2. As a result of this premise, the techniques undertaken in
2

this research were integrated and crafted specifically to the community for which it was
conducted. Respected members of the community as well as community-driven
organizations were incorporated into the entire process in an effort to establish a
culturally appropriate and sustainable program.

An Overview of Mosquito Control in Africa
Mosquitoes impose an immense burden to the African population in terms of
both human health and comfort. Approximately 80% of the worlds estimated 627,000
malaria deaths in 2012 occurred in Africa3. Only 3 years later, in 2015, sub-Saharan
Africa, in particular, was home to 90% of all malaria cases, and contributed to 92% of
the estimated 438,000 deaths worldwide4, 5. Additionally, these mosquito vectors
transmit other deadly and debilitating diseases such as yellow fever6, lymphatic
filariasis7, and rift valley fever8 9 throughout the continent.
The focus of mosquito control in Africa varies by region, but the emphasis and
approach remains the same. Methods are focused on the adult mosquito at the
household level as well as with the improvement of medical access for those impacted
by mosquito-borne diseases10. In the nations of North Africa, for example, control
techniques consist primarily of indoor residual spraying. This approach specifically
targets adult mosquito populations and takes place only within the household itself11.
The entire region of sub-Saharan Africa contains only a small number organized
3

programs for controlling mosquito populations. These programs consist mainly of
larvaciding and indoor residual spraying11. However, programs in this portion of the
continent are rarely consistent, and often occur only during epidemic periods11.
Furthermore, in the event of such epidemics, the World Health Organization (WHO)
considers larval control not appropriate, thus making the larval control approach a rare
occurrence in Africa’s sub-Saharan region12.
Larval Control in Africa
Larval control is commonly overlooked in malaria-heavy tropical regions
especially those in Africa. This can be attributed to some uncertainties of its impact on
the disease burden and for the fact that it is a significantly more difficult undertaking
than that of adult control10, 13. This reluctance however, is peculiar given the historical
success of mosquito control through larval management. Larvaciding has proven to be
the most historically effective technique in eliminating Anopheles gambiae, the primary
African malaria vector. This lethal vector was successfully removed from both Brazil
and Egypt as a result of larvaciding in combination with other control techniques10, 14, 15.
Given the significant success of larval management in vector elimination, the question is
raised as to why this method of control is still not currently utilized in a more
widespread fashion especially within the severely impacted continent of Africa13.
The decline of larval management techniques can be attributed to the
introduction of the organochlorine dichlorodiphenyltrichloroethane (DDT)10. This
4

insecticide demonstrated remarkable capabilities and slowly phased out commonly
used larval control practices. Not long after DDT’s introduction, malaria control
practices and policies shifted toward adult control, and have remained in that capacity
ever since10. As a result of this dramatic shift, control of adult mosquitoes within the
household environment now dominates control activities throughout the majority of the
continent. The utilization of insecticides and bed nets are now seen as central control
tools for such adult control activities10.

An Overview of Mosquito Control in the United States
When compared to their mosquito control counterparts in Africa, mosquito
control programs in the United States differ enormously. The first attempt at mosquito
control in the United States came about via noted entomologists in the early 1900s
through an organization called the National Mosquito Extermination Society. Although
the group held just two meetings, a strong foundation was set for the future16. A decade
later in 1913, the New Jersey Mosquito Extermination Association was formed thus
establishing the country’s first abatement program. The idea gained ground midcentury and has continued to do so evolving into what it is today16.
American-style mosquito control progressed from a reliance on insecticide
treatment focused strictly on adult mosquitoes, to the current use of integrated pest
management programs. Such programs are comprised of surveillance, source reduction,
5

larviciding, and biological control methods. These control methods are accomplished in
conjunction with public relations and education thus organizing mosquito control into
two areas of focus: individual and public17, 18. The utilization of these ideas is best
demonstrated through an Integrated Mosquito Management (IMM) strategy.
According to Joseph M. Conlon, the technical advisor for the American Mosquito
Control Association,
“Integrated Mosquito Management is a comprehensive mosquito
prevention/control strategy that utilizes available mosquito control
methods singly or in combination to exploit the known vulnerabilities of
mosquitoes in order to reduce their numbers to tolerable levels while
maintaining a quality environment19.”
IMM bases its strategies on ecological, economic and social criterion, and does so in
conjunction with insecticides. Control methods include source reduction, biological
control, and physical control of both adult and larval mosquitoes18. This multifaceted
approach of IMM is now the predominant program in American mosquito control. It is
this multifaceted approach, with the exception of the treatment portion that was
implemented within Papoli over the duration of the study.

6

Area of Study: Papoli, Uganda
Papoli Parish is a rural agricultural community located in eastern Uganda. The
parish is located within the Tororo district and lies within Iyolwa sub-county and west
Budama County; approximately 16 kilometers from the city of Tororo. The Kenyan
border is located an additional 10 kilometers beyond Tororo. The population of
approximately 4,000 is almost equal in its male to female ratio, with over half of the
population contained in the age range of 0-14 years. Papoli consists of 11 zones
(Appendix A: Figure A1): Malawa A, Malawa B, Papoli A, Papoli B, Magoro A, Magora
B, Pakamalung A, Pakamalung B, Pawagwewi A, Pawagwewi B, and Osia, of which the
majority are members of the Japadhola ethic group. Japadhola is the main language
spoken within the community; though, the majority of the population can also speak
English, Swahili, and various other tribal languages.
Ecologically, Papoli is well-suited for mosquito production. The southern
boundary is comprised of a small river, the Malaba River, from which a large swamp is
induced. This swamp spans the entire southern boundary. The southwestern-most
boundary of Papoli is an uninhabitable swamp, also a byproduct of the Malaba River.
The main highway between the cities of Jinja and Tororo runs east to west through the
community and is lined on both sides by deep, water-retaining ditches which are well
documented to be prolific mosquito larval habitats20, 21, 22. The community boundary
technically extends slightly west beyond the main highway, though, the majority of
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land in this area is utilized for agriculture. Flooded rice fields of varying agricultural
stages are intermittently distributed between both the northern and southern borders.
Across the eastern border is an additional swamp and a small, often dry, tributary of
the Malaba River.
Papoli’s interior is dominated by agriculture and family dwellings. Livestock
tracks, farmed fields in various stages, open water storage, and agriculturally created
standing water pools all provide optimal breeding sites for the Anopheles mosquito in
this region20. A previously conducted unpublished survey that included community
focus groups and multiple key informant interviews, undertaken by myself and fellow
students concluded that the most pressing issue within the community is that of
malaria. Malnutrition and HIV/AIDS were also identified as areas of concern.
Papoli is a parish comprised of many stakeholders all of whom will be impacted
by actions taken within the community. The community members within Papoli
comprise the largest and most visible stakeholder. Other stakeholders include the
Papoli Community Development Foundation (PACODEF) and Village Partners
International (VPI). PACODEF, a community-based non-profit organization, has been
the implementing partner for all projects and programs that have taken place within the
community. Village Partners International (VPI), a United States based non-profit, has
worked collaboratively with the community and PACODEF, assisting in the
construction of the community primary school, pediatric clinic, and health care center.
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These groups also successfully implemented an adolescent nutrition program located
within the pediatric clinic and countless other projects.
The University of South Florida has strong ties with Papoli often sending
students to conduct research, benefitting both the community and university alike.
Prior to this undertaking, I conducted two research projects on separate occasions
within the community. As a result, I was able to develop a strong relationship with the
local leaders, educators, and community members. Such a relationship afforded me
community-wide trust and enhanced the ability to conduct all required strategies
unencumbered, thus, ensuring the development of a successful mosquito control
program.

Papoli’s Malaria Vector Population
In Uganda, as well as the entire East African region, malaria is driven by
mosquitoes of the Anopheles genus; in particular, those within the Anopheles gambiae
complex. The sibling species that comprise this complex cannot be distinguished
morphologically, but do vary immensely in their specific behavioral norms23. In our
research location, the biggest contributors to transmission within this complex are
Anopheles gambiae s.s (sensu stricto) (referred to in this research as Anopheles gambiae) and
its sibling species Anopheles arabiensis24, 25. A third vector species of concern not located
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within this complex, Anopheles funestus, was also identified to be present in high
numbers within the study community.
Anopheles gambiae
African malaria transmission is dominated by a mosquito known as Anopheles
gambiae, which serves as the continent’s primary malaria vector25. This tropical species’
range spans the majority of sub-Saharan Africa, as well as Madagascar, even making its
way into the continent’s southern-most countries during the warmer summer months26,
. This mosquito tends to prefer lower altitudes, though it has been found sporadically
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above 1500m if temperatures are warm enough20. In general, malaria is not seen in
altitudes above 1500m28.
Anopheles gambiae is an extremely anthropophilic species, feeding primarily on
humans, and is considered one of the most effective and efficient malaria vectors in the
world22, 29. Compounding these characteristics are the feeding practices and behaviors
demonstrated by the species. This mosquito resides, rests, and feeds primarily within
the human household greatly enhancing the exposure of human hosts to these deadly
vectors. Anopheles gambiae are nocturnal feeders, entering the homes in the early evening
and waiting until the late evening hours to take a blood meal. After feeding, the
engorged female rests within the confines of the home before exiting in the early
morning hours30, 31, 32, 33.
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Adult Anopheles mosquitoes of all species lay their eggs singly on the water’s
surface with the distinguishing characteristic of floats (exochorion) on each side22.
Anopheles gambiae prefer to do this in small, isolated, shallow, sunlit, and temporary
fresh water bodies26. The water in such habitats is typically clear and devoid of excess
vegetation. Common examples include pools on swamp margins, tire tracks, hoof
prints, depressions, ditches, ground depressions, and puddles20. Due to the temporary
nature of such habitats, increased rainfall is associated with an increase in Anopheles
gambiae34, 35, 36. The average dry season clutch of eggs laid by a female Anopheles gambiae
was shown to be 175 eggs with the rainy season clutch being a bit smaller37.
Development of all mosquito species consists of an egg stage followed by 4 larval
instars before developing into pupae, and finally emerging as an adult. In Anopheles
gambiae this process is done very quickly with an egg developing into an adult in less
than 7 days in optimal conditions26, 38. Adults live approximately 2 weeks depending on
a host of variables, during which time malaria can be transmitted multiple times if
factors allow for optimal parasite development39.
Anopheles arabiensis
Anopheles arabiensis mosquitoes fall under the classification of the Anopheles
gambiae complex, which is composed of 7 cryptic species, including the aforementioned
Anopheles gambiae. These two mosquito species are morphologically indistinguishable,
and can only be positively identified though polymerase chain reaction (PCR) assays
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that identify unique genetic identifiers such as species-specific single nucleotide
polymorphisms (SNPs) and insertions/deletions (indels)40, 41. Much like Anopheles
gambiae, Anopheles arabiensis is an extremely capable malaria vector, and is considered
one of the more dominant malaria transmitting species in the world22.
When compared geographically, there is extensive overlap between this species and its
Anopheles gambiae counterpart, but slight differences are apparent. These mosquitoes
tend to be much more active in the upland areas of the continent than that of Anopheles
gambiae, and adults are considered to be more a species of dry savannah or woodland
environments28, 42. Mosquitoes of this species tend to have a slightly more northern
range in East Africa (all areas to the north-east of Uganda and the Kenya Highlands
where Anopheles gambiae is absent), at the same time showing a sparse distribution in
the more forested and humid areas of West and Central Africa42, 43. In many places the
population of this species gradually increases as the dry season sets in, replacing the
wet season dominant Anopheles gambiae42, 44.
Despite their morphological similarities, Anopheles arabiensis is quite different
from Anopheles gambiae in respect to behavior and habitat preference. The species is
considered zoophilic, feeding primarily on cattle; in comparison to the much more
anthropomorphic Anopheles gambiae. This does not, however, prevent the taking of
human blood meals, during which the vector does not discriminate between feeding
indoors or out26, 45. This behavior is variable depending on location, making the species
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especially difficult to control in their adult stages46. Anopheles arabiensis tends to feed
and rest outdoors and can be both a crepuscular or nocturnal feeder, with biting times
starting in the early evening or morning26.
Oviposition and the subsequent larval habitat preferences of this species are
extremely similar to those of Anopheles gambiae, preferring small, temporary, sunlit,
clear and shallow fresh water pools26. Though it should be noted this species tends to
experiment with slightly more variety in terms of habitat selection. For example,
Anopheles arabiensis are often associated with rice farming, specifically utilizing the
irrigated fields for development during the larval stages26. In these habitats, larval
numbers are at their highest during the early stages of rice production before the plants
mature and cast shadows over the habitats47. In laboratory simulated seasonal
conditions, the shortest span from egg to pupae was 10.9 days and occurred with
warmer temperatures. This time span increased as temperatures dropped. The same can
be said for adults of the species. In warmer temperatures the adult lifespan is about 22
days for females and 17 for males; these lifespans gradually increase as temperatures
drop48.
Anopheles funestus
The third important malaria vector identified within the boundaries of Papoli is
Anopheles funestus. This mosquito is another extremely capable and effective African
malaria vector, and much like Anopheles gambiae is highly anthropophilic26. Due to its
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strongly human-linked behaviors it has even been proposed that this is the first
Anopheles mosquito to specialize in human blood feeding36.
The range of Anopheles funestus encompasses a large portion of sub-Saharan and
central Africa, only showing sparse numbers in the areas surrounding Somalia and the
Horn of Africa43. This mosquito tends to prefer the lower altitude areas of its territory.
In South Africa’s Transvaal province it was demonstrated that below an elevation of
750m, 99% of mosquito specimens taken from homes were either Anopheles funestus or
Anopheles gambiae49. When not occupying human households, adults have been found in
hollow trees, dense grasses, and along the periphery of streams38.
Anopheles funestus prefers to feed on humans, and does so within the human
household26. These mosquitoes predominantly enter the home around midnight, in
addition to a small peak that occurs at nightfall50. The majority of human biting occurs
after midnight, and post-blood meal resting often occurs inside the house prior to
oviposition, though it is not uncommon for this to occur outdoors38, 42, 51. These
behaviors are consistent throughout the mosquito’s range, tending not to change
regardless of location.
Larval habitats for Anopheles funestus differ greatly in comparison to that of its
fellow important African malaria vectors. These mosquitoes prefer large bodies of fresh
water that are permanent or semi-permanent and characterized with emergent
vegetation and shade. Common examples are swamps, large ponds or lake edges26. Both
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shaded and sunlit environments yield larvae, and it is thought larvae of this species
utilize emergent vegetation as protection from predators52. Much like that of Anopheles
arabiensis, larvae of Anopheles funestus have also been associated with rice cultivation.
However, these mosquitoes prefer more mature rice plants and are seen after Anopheles
arabiensis in a successive fashion26, 53. Rainfall often results in an increase in this
mosquito’s population, although a consistent water body can also function similarly in
sustaining the population.
The average dry season clutch of eggs laid by a female Anopheles funestus was
shown to be 123 eggs, with the rainy season clutch generating smaller numbers37. When
laid, eggs tend to clump together and stick to surface vegetation where they incubate
for 48-72 hours prior to pupation38. The mean duration of the lifespan of this mosquito
varies by location. In central Africa it was shown to be 20 days, but was demonstrated
to span as long as 48 days in Mauritius38. Temperature has the ability to impact the life
span of this mosquito, with warmer temperatures resulting in shorter life spans and
colder temperatures resulting in the inverse.

Papoli’s Nuisance Mosquito Population
The mosquito disease vectors of this region have had an enormous impact on the
morbidity and mortality of the population, and have in effect received the majority of
research interest. As a result, very little information is available on the nuisance
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mosquitoes within the study area. However, a study in nearby Tanzania identified
mosquitoes of the genus Culex as key nuisance biters54.
Through the sampling of Papoli’s adult mosquito population, multiple nuisance
genera were identified. These include non-vector species of the following genera:
Anopheles, Aedes, Coquillettidia, Culex, and Mansonia. Zoophilic mosquitoes of the
Urantaenia genera were also commonly identified during adult surveillance. Identifying,
monitoring, and controlling these nuisance genera is essential for improving the quality
of life of the community. Concurrently, this outcome serves to increase community
acceptance and adherence to the control program by demonstrating an easily
recognizable outcome.
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CHAPTER 2:
A GUIDE TO THE DEVELOPMENT AND IMPLEMENTATION OF A
COMMUNITY-BASED MOSQUITO SURVEILLACE PROGRAM IN A RURAL
AGRICULTURAL UGANDAN COMMUNITY

Abstract
Mosquito species of the Anopheles gambaie complex are the predominant vectors
of malaria transmission throughout sub-Saharan Africa. These mosquitoes tend to be
endophilic, as well as anthropophilic, making them prime candidates for disease
transmission. Within the same region, related mosquito vectors play a significant role in
the transmission of additional human and zoonotic diseases. Furthermore, mosquito
nuisance biting is an immense issue that cannot be ignored in terms of its impact on
African communities. Depending on the respective factors involved, mosquito control
programs throughout the continent have attempted to tackle these issues in a multitude
of ways. This research approached the issue by developing and integrating an
American-style mosquito control district within the eastern Ugandan community of
Papoli. The basic structure of such a district was blended with a community-based
approach, employing local community members and leaders, thus ensuring an effective
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and sustainable program. A guide detailing all aspects and steps needed to properly
develop and implement such a program is outlined.

Introduction
Mosquito surveillance is a prerequisite to an optimal mosquito control
program55. An effective surveillance program allows for complete comprehension of the
extent, location, and nature of the mosquito population within a defined area. Ideally,
this control program will be based on the needs of the community and serve to generate
a comprehensive set of data points that will drive control practices.
Prior to implementing a sustainable mosquito surveillance, program multiple
steps and actions must be performed to ensure its efficacy. When such a program is to
be implemented within a community that has never experienced mosquito control,
extra attention to detail is necessary to ensure community understanding and trust of
the project.
This manuscript serves as a step-by-step manual for implementing a successful
community-based surveillance program. Such a program was successfully established
within the Ugandan community of Papoli.
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Methodology

Study Site
The community of Papoli Parish served as the reference community for this
guide. The demographic and geographical makeup of this community is available in
further detail in Chapter 1.

Pre-Implementation
The foundation of a successful surveillance project is built long before any
implementation occurs, during the preliminary planning process. During this process
an optimal program plan is developed in relation to key variables of the proposed site.
Other essential preliminary steps in the pre-implementation process include the
acquisition of all needed field surveillance materials, obtaining needed satellite imagery
and global navigation equipment, and the perfection of all laboratory techniques. These
necessary steps should begin approximately 6 months prior to the proposed departure
date.
Program Development
The initial, and arguably the most essential step in developing a successful
surveillance program is the construction of a program plan. This plan should be
extremely detailed and developed in order to properly include all available variables of
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interest, prevent the absence of any key study materials, and to prepare for any possible
issues that may arise.
Information gathering
An understanding of the dynamics of the targeted community itself is
paramount. The optimal way to achieve this is to develop a partner located within the
community.
Such a partner will provide extensive knowledge of the area and culture, as well
as allow for a recognizable entity that the population trusts. In addition to local
partners, the incorporation of experts with extensive experience in the area of concern
should be consulted to provide insight on all that is to be expected for such an
undertaking. It is impossible to account for all challenges, but local knowledge and past
experience can make a large impact on preventing unforeseen issues that may severely
hamper a mosquito control program.
Other important aspects to consider are the environmental factors impacting the
community of interest. When constructing mosquito control methodology for a
community one must take into account the variance in annual rainfall. Rainfall has long
been associated with variations in mosquito production22, 56. This variable is not uniform
in its impact for all mosquito species, though strong correlations have been shown with
the key malaria vectors57. Rainfall results in an increase in near-surface humidity, which
directly influences the mosquito life cycle by increasing mosquito flight activity,
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oviposition, and the resulting host-seeking behavior58. Rainfall has also been shown to
increase the abundance and variety of aquatic habitats available for oviposition, and the
subsequent larval progeny58, 59, 60.
After compiling all cultural and environmental-based information data for the
community, data should be gathered on the regionally important mosquito species. A
complete catalog of the area’s vector species and understanding of their bionomics
should be prioritized. The aggregation of information on these three fronts allows for a
more complete understanding of the mosquito dynamics within a community specific
context.
Information Gathering: Papoli
In the case of Papoli, the operational plan was developed with the assistance of
local community leaders, a community-based non-profit, as well as those who had
conducted prior research within the community. Community leaders and organizations
provided priceless knowledge into local mosquito control practices and knowledge,
whilst also affording immediate community acceptance. Additionally, information
generated through past research projects in the community resulted in additional
awareness of the local ecology and culture, especially as it pertains to mosquito control
practices. The consultation of experts with years of mosquito control experience in this
region was also incorporated. After all essential consultations were completed;
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information regarding seasonality of rain (dry/rainy Season) and species diversity was
gathered to further guide the plan of action for mosquito control within Papoli.
The research began during the dry season and would continue through the
following wet season. Traditionally in this region of Uganda there is an additional dry
and wet season, both of shorter length, which occurs after the initial wet season.
Surveillance took place during all of these seasons. In respect to species diversity, data
gathered during previous unpublished research within Papoli was consulted. This data
was gathered in a variance of environments throughout the community and consisted
of indoor and outdoor trapping via a CDC miniature light trap. Sampling took place
between the hours of 6:00pm-8:00am targeting crepuscular and nocturnal adult
mosquito species. This data demonstrated a predominance of mosquitoes within the
Anopheles and Culex genera. Measures were planned accordingly to target these
mosquitoes due to their population dominance, disease transmission, and nuisancebiting characteristics.
A specific focus was placed on the Anopheles species within the community due
to the significant malaria issue in the community and the genera’s vector status.
Anopheles mosquitoes in this region exploit diverse environments. A hallmark of the
population dynamics of these malaria vectors is their apparent reduction in population
during the dry season and rapid increase after the onset of rains61. In combination with
other environmental factors, rainfall plays a vital part in the Anopheles species
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composition of an area. Malaria in sub-Saharan Africa is driven by 2 sibling species
found within the same Anopheles gambiae complex: Anopheles gambiae s.s. (sensu strico)
and Anophles arabiensis. In respect to this species complex, drier areas, those receiving
less than 1000 mm of rainfall per year (range: 237-415 mm), generally elicit a
predominance of Anopheles arabiensis mosquitoes. Alternatively, areas receiving above
1000 mm (range: 330-3224mm) generally demonstrate a dominance of Anopheles
gambiae61, 62. Due to the respective variance in vector behavior, the composition of
Anopheles species within a given community is paramount when creating a control
program.
Culex mosquitoes in this region behave similarly in relation to rainfall to that of
the region’s Anopheles mosquitoes. A study conducted in Mwea, Kenya, a
geographically and ecologically comparable environment, demonstrated strong
seasonal changes in Culex mosquito larval counts in habitats such as water reservoirs,
pools, and ditches that were closely associated with rainfall63. Although Culex species
do not transmit malaria, they still serve as disease vectors for other pathogens, as well
as nuisance mosquitoes.
Both Anopheles and Culex mosquitoes cannot remain dormant during dry
periods, making the location and management of their habitats of the utmost
importance during this time. For this reason, we hypothesize that control during the
dry period will have a significant impact on Anopheles and Culex yearly population
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numbers, and may even show to be more important than rainy season control. Such key
dry season habitats are highlighted throughout the research, especially in the early and
late stages when rainfall was sparse. It should be noted that surveillance was not
limited to just mosquitoes of these two genera. All adult mosquitoes as well as larval
habitats, were identified and mapped spatially and temporally.
This multi-faceted approach to information gathering ultimately prevented many
serious issues of concern and resulted in a more complete understanding of what would
need to be included for a successful program.
Preliminary Needs
After establishing a study site and gathering its relevant characteristic
information, 2 preliminary steps must be taken prior to the development of a sitespecific operational plan. The first is to take immediate steps to establish a field team
composed of local community members and the second is to obtain high resolution
satellite imagery of the community and surrounding areas.
Field team procurement
The process of field team procurement should begin immediately. A well
trained, knowledgeable, and engaged field team is an essential aspect to the successful
implementation of this type of program. It is imperative to understand that a
dysfunctional field team will result in program failure, thus making this stage of
program implementation critical.
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A great preliminary resource in this process is the local partner. A highly
functioning field team is one of the most conspicuous aspects of a good relationship and
clear communication with your community partner. Every step should be taken to hire
local field team members who live and are active within the community. There is no
greater resource than a community member. Not only do community members have an
intimate knowledge of the area, they also possess established relationships throughout
the community. These relationships allow for access and information that would not be
presented to an outsider.
Through discussions with the local partner, a field team should optimally be
assembled and ready to work prior to arrival. When working with the local partner to
establish the qualities necessary for an effective field team, the needs of the community
and its respective environment will be essential. While taking this into account, the
team must also function highly as a group and on an individual basis in order to
produce quality outcomes. 5 key traits were identified as essential when establishing a
successful field team. The first 3 traits focus on the makeup of the team, while the last 2
aspects refer to the traits of the team member themselves:
1.
2.
3.
4.
5.

Diversity of Knowledge
Community Leaders
Young and Technologically Sound
Drive to Learn
Reliability
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Other aspects such as budget, community size, and the environment within which
these team members will work will factor into the development of the final field team.
The number and general idea of the physical capabilities of the field team will be
integral in establishing the makeup of the control district.
Field team procurement: Papoli
Prior to arrival at the Papoli field site, the local community based non-profit
organization, PACODEF, was contacted via its director, Emmanuel Ofumbi, in regards
to obtaining a field team comprised of local community members. The field team was to
be comprised of community members and community members only, as to ensure
commitment to the community, trust, empowerment, and most importantly to keep the
skills developed within the boundaries of Papoli, thus enhancing the sustainability of
the project. It was also suggested that the field team be highly respected, technologically
competent, and have a strong stake in the interest of the community.
Discussions with Mr. Ofumbi ensured each member of the field team would be
paid what is considered a reasonable local wage. This rate was determined and
facilitated through the PACODEF organization itself. The reason for this was to prevent
the association of student research and monetary gain, as numerous students have
conducted research within the community, and will continue to do so in the future. All
needed surveillance equipment was provided to the field team, including but not
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limited to GPS, larval dipper, sieve, larval collection baggies, high water boots, field
data sheet, pens, and clipboard.
The program in Papoli was limited by cost, and as a result 4 field team members
were able to be procured. The coverage area was amended to fit the reasonable
surveillance skills of 4 members. Once constructed, this field team would survey the
community on a daily basis, locating all potential larval habitats for local mosquito
populations. These habitats were recorded and revisited over time, along with newly
developed habitats. Adult mosquito populations were also sampled via CDC miniature
light traps and members of the field team would assist in certain aspects of this
endeavor as well. This procedure spanned 5 months, covering 2 each of what are
considered rainy and dry seasons within this region of Uganda.
Satellite imagery procurement
Multiple banded high resolution satellite imagery allows for an important
advantage in the analysis of the relationship between the environment and the spatial
distribution of identified mosquito larval habitats. Multiple environmental models can
be created to using this imagery to gain an early understanding of the environmental
components composing a potential surveillance area. Images can be manipulated
through ArcGIS software where they are added as raster data. Raster images are set up
in a grid format of rectangular cells with each cell’s size dictated by the resolution of its
respective satellite. Each cell is essentially a pixel in the image, with higher resolution
27

imagery resulting in smaller, higher detail cells. A cell that covers an area of 5 x 5
meters is considered to have a resolution of 5 meters64. The lower the resolution in
meters, the more detail an image will elicit.
Raster images, serve as the basemap for all spatial data generated during a
project. Specific locations, ranges of vegetation, as well as statistically significant spatial
outputs can be clearly displayed in real time. The data overlaid on these images will
drive the surveillance program by immediately and effectively visually dictating highly
productive mosquito habitats.
Imagery obtained from the QuickBird-2 satellite is preferred due to the
multispectral high resolution images generated. QuickBird-2 imagery has a 2.44 - 2.88
meter multispectral pixel resolution and a panchromatic resolution of 61 - 72 cm. The
total scene size of a Quickbird-2 imagine is 16.5 km x 16.5 km65. The specifics of
Quickbird’s multi-spectral bands are listed below:
Band 1= Blue ; 450 - 520 µm
Band 2= Green; 520 - 600 µm
Band 3= Red; 630 - 690 µm
Band 4= Near-infrared; 760 - 900 µm
This imagery is expensive, and this is often a limiting factor in related projects. A
free imagery alternative to QuickBird-2 is offered by The United States Geological
Survey (USGS). This imagery, referred to as Landsat Imagery, has a significantly less
potent resolution, but can be used when reduced costs are needed.
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Satellite imagery procurement: Papoli
Quickbird-2 imagery of Papoli was obtained via the DigitalGlobe Foundation’s
imagery grant. This grant provided an image of approximately 76 square kilometers
(Appendix B: Figure B1). This image was edited via ArcGIS 10.3.1 software to
approximately 25 square kilometers and served as the foundation for remote sensing
analysis. The analysis of this image using this software allowed for an understanding of
the environmental characteristics of Papoli long before arrival.

Remote Sensing
Remote sensing techniques are critical in identifying and monitoring the spatial
and temporal distribution of larval habitats. Remote sensing refers to obtaining
information about an area and/or its components by analyzing data obtained from an
object not in contact with that area66. For our purposes this data is airborne data,
derived from satellite-based cameras67. This data is utilized to generate surface images
of our surveillance area for the analysis of the area’s ecological makeup, as well as other
forms of spatial analysis67. This imagery can be manipulated through ArcGIS software
to accurately depict all areas of interest and all data points obtained over the course of a
surveillance program.
Mosquito larval habitats are constantly changing entities that evolve in
conjunction with the changing environmental within a specific area. These habitats are
29

contiguous, with larval congregation occurring in the most desirable portions of the
habitat56. This same premise can be extrapolated to habitat selection itself. Not only are
areas within habitats contiguous, but as are the habitat themselves. To keep up with
these constantly changing habitats, the area of study must be thoroughly monitored
over time, and done so in relation to the specific environmental variables of the time.
Surveillance is found most effective when monitoring occurs in conjunction with these
environmental variables55.
In order to identify the evolution of habitats of highest productivity, ground
surveillance techniques should be integrated with high resolution satellite imagery, GPS
technology, and GIS software. These remote sensing techniques are critical in
identifying and monitoring the spatial and temporal distribution of larval habitats
within an area.
Remote sensing Papoli
Spatially, arthropod disease vectors are limited by their respective range and
habitat preferences68. The ecological and environmental factors of this distribution are
critical variables in the surveillance and control of these vectors. This is evident through
landscape features which are central determinants in vector borne disease transmission,
especially in respect to malaria68.
In this research we utilized remote sensing techniques to not only identify, but
also to prioritize Papoli’s most prolific mosquito larval habitats for treatment over a 16
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week period. These techniques were performed specifically for malaria vector species as
well as for the community’s nuisance mosquito species.
The base for all data manipulation in this project was a high resolution
Quickbird-2 imagery satellite image obtained from Digital Globe via the Digital Globe
Imagery Grant. The image was uploaded to ArcGIS 10.3.1 software where it served as
the project basemap and was manipulated in relation to all data obtained over the
course of the in-country field data collection.
Image processing
After initial satellite imagery procurement, image processing techniques should
be employed to create a suitable image and map of the study area. Oftentimes the image
obtained must be edited to optimally display the study area. The editing should be
done utilizing the ArcGIS software. Quickbird-2 imagery is displayed in the form of a
.tiff file and can be added directly to the ArcGIS software where it will be clearly
displayed. Once the image is visible within the software editing can begin.
Image rotation is recommended if the study area does not sit evenly on an east –
west plane within the image. This rotation allows for data to be displayed in a
significantly more visually appealing fashion. A north arrow can be added to illustrate
the true directionality of the image. To rotate the image, the Rotate Data Frame tool
located within ArcGIS Data frame tools is utilized. A drop down box is available within
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the Data Frame Tools in which you can select the angle at which you would like to
rotate the image. The image can also be rotated manually in the following manner:
1. The rotate data frame icon (
) is selected.
2. The image is then selected using the left mouse button
3. Keeping the mouse button engaged the image will then rotate in the
manner the cursor is moved.
4. Unengaging the mouse button will stop the rotation at the rotation
angle desired
To further enhance the representation of the study area, removing all excess
imagery not associated with the study area is recommended. This can be done by
extracting the study area from the entire raster image using a mask that represents the
study area. A mask clarifies congested imagery by dictating the areas for which the
ArcGIS software is to analyze. To perform this extraction a new shapefile encompassing
the study area needs to be created before it can be extracted. The process is described
below:
1. This process begins by creating a new shapefile within the folder
containing the raster image in ArcCatalog
2. A new polygon shapefile is selected in feature type and the same
coordinates were selected to that of the raster image (The Projected
Coordinate System and the Geographic Coordinate System selected
should match that of the original raster image)
3. This new polygon shapefile is then selected and placed in the table of
contents
4. The editor tool is selected and the newly created shapefile designated
as the shapefile to be edited
5. Within the editor tool, the create features window is selected and the
newly created shapefile selected within the resulting window
6. The appropriate feature to encompass the study area (rectangle, circle,
ellipse, polygon, etc) is selected from construction tools
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7. This feature is drawn to cover the study area within raster image
8. These edits are saved and the resulting output is a feature shapefile
overlaying the study area portion of the raster image
9. Select the Extract By Mask tool located within Spatial Analyst Tools
10. Within this tool select the original raster image as the Input Raster and
the newly created shapefile as the Feature Mask Data
11. The tool is then run
The resulting raster image from the Extract By Mask tool depicts only the area of
interest. This map will serve as the basis for all spatial and temporal data manipulation
of the entire study period.
Image processing: Papoli
The same process outlined above was used for generating the basemap of Papoli
Parish. When obtained from Digital Globe, the Quickbird-2 imagery was in the form of
a .tiff raster image and substantially larger than that of the area of research. To properly
illustrate Papoli and the respective surveillance zones, the image had to be scaled down
to fit the program parameters.
The original image obtained from the Digital Globe foundation represented an
area of approximately 76km2 when added to ArcMap’s data frame. For analysis
purposes, this image was edited to best depict the area of study. The first step in this
editing process was to arrange the image in a fashion that was easily understood. To
accomplish this, the image was rotated to allow for Jinja Road to serve as a northern
focal point. The road runs northeast though Papoli between the cities of Tororo and
Jinja, Uganda. Rotation took place using the Rotate Data Frame tool found within
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ArcGIS’s Data frame tools. The data frame rotation angle was set to that of 325.72
degrees so that Jinja Road was represented directly on the east-west plane (Appendix B:
Figure B2). A north arrow would be added to all maps generated using the image to
properly display the directionality of the image. To further enhance the representation
of the study area, a mask was created around Papoli to allow for this area of the raster
image to be extracted and analyzed separately from the entire raster image. This mask
ultimately allowed for the raster image to display only the area within the image that
will be utilized during the research.
This process began by creating a new shapefile. This shapefile was created via
the folder containing the raster image in ArcCatalog. A new polygon shapefile was
selected and the same coordinates were selected to that of the raster image. The
Projected Coordinate System selected was WGS_198_UTM_zone_36N and the
Geographic Coordinate System was GCS_WGS_1984. This new polygon shapefile was
then selected and placed in the table of contents. The editor tool was selected and the
newly created shapefile designated as the shapefile to be edited. Within the editor tool,
the create features window was selected and the newly created shapefile selected
within the resulting window. The ellipse feature was selected from construction tools.
An ellipse was created over the raster image to encompass all of Papoli. These edits
were saved and the resulting output was an ellipse shapefile overlaying Papoli’s
portion of the raster image. The Extract By Mask tool located within Spatial Analyst
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Tools was utilized to clip the image using the newly created ellipse shapefile. Within
this tool the original raster image was selected as the input raster and the newly created
ellipse shaped shapefile was utilized as the feature mask data. The tool was run and the
resulting raster image depicted only our area of interest. This new ellipse shaped raster
contained an area of approximately 25 km2 and would be used in all further spatial
analysis (Appendix B: Figure B3).
Global positioning systems (GPS)
The Global Positioning System (GPS) is an essential piece of equipment for work
in the field69. A GPS is a global navigation system based on 24 navigation satellites that
orbit the earth daily. Each satellite emits a unique radio signal that can be received by a
GPS receiver. The duration between the emission and reception of this signal can be
used to calculate the exact location on the earth where the signal was received69. The
utilization of this tool allows for specific habitat locations to be obtained and mapped
spatially using remote sensing software.
Global positioning systems (GPS): Papoli
The GPS was utilized to assign exact spatial positions to larval habitats identified
by the field surveillance team in Papoli. This data was then uploaded from the GPS unit
to a computer, and into analysis software. Within the software the points generated
were correlated with, and overlaid upon the high resolution satellite imagery of the
community.
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Once the accurate spatial depiction was developed, these spatial outputs were
further analyzed and manipulated to depict highly productive larval and adult hotspots, clusters of habitats, and to evaluate habitat succession over the length of the
study. Garmin eTrex Model GPS units were utilized to conduct all the research
discussed in this thesis
Geographic information systems (GIS)
A geographic information system (GIS) is a computer application that performs a
variety of applications to store, manage, and display geographically referenced
information67, 70. This information is referred to as geospatial data. This data identifies
spatial features within an image and describes the location, as well as specific
characteristics67. Goodchild defines GIS in the Encyclopedia of Data Base Systems as:
“Information about locations on or near the surface of the Earth, and may
be organized in a variety of ways. Thus a GIS includes functions to input,
store, visualize, export, and analyze such information70.”
ArcGIS software is recommended for performing GIS analysis on mosquito
surveillance data. ArcGIS is computer software that allows for the modeling of spatial
data. This computer application can be utilized to develop and display all the required
spatial models for a successful mosquito surveillance program. Environmental models
are easily generated in respect to the study area’s elevation, vegetative index, soil index,
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and land use and cover. Additionally, spatial models can be developed and
manipulated to display any number of data points accurately on a spatial level.
Geographic information systems (GIS): Papoli
ArcGIS 10.3.1 software was used for spatial analysis during the Papoli project.
All mosquito larval habitats located within Papoli were mapped on a weekly basis to
clearly display their spatial distribution, as well as their correlated data points. Habitats
displaying positive productivity for Anopheles and non-Anopheles nuisance mosquitoes
were spatially mapped and analyzed by amount of productivity in a temporal fashion.
Environmental models and spatial statistical analysis were also generated using this
software. These concepts are discussed in detail later in this chapter.
Environmental modeling
Once the study area is created, the components of the imagery can be
manipulated to generate models depicting the environmental aspects of the area.
Outputs from these models are very useful throughout the entirety of the surveillance
program. These models can assist in the early aspects of a program, such as in the
development of control zones, and continue to be of use far into the data analysis
portion.
Normalized difference vegetation index model
Vegetation presence is often a strong indicator of mosquito production20, 22. By
identifying and pinpointing areas of vegetation associated with mosquito production, a
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mosquito control program is able to maximize its resources and generate a clear idea of
possible productive areas long before surveillance occurs.
Satellite imagery allows for the ability to determine the vegetation levels of large areas
without ever having to physically visit the space. This is done through utilization of a
model known as the Normalized Difference Vegetation Index or NDVI. A NDVI model
analyzes the distinct wavelengths of visible and near-infrared (NIR) sunlight
respectively absorbed and reflected by plants71. These wavelengths depict the density of
vegetation (green) visible within an area of land.
The spectrum of sunlight is composed of various wavelengths. When this light
strikes a plant, chlorophyll absorbs the visible light (from 0.4 to 0.7 µm) for use in
photosynthesis71. Concurrently, the cell structure of the plant’s leaves reflects the nearinfrared light (from 0.7 to 1.1 µm)71. The more green, or healthy, the vegetation is, the
more visible light it absorbs and near-infrared sunlight it reflects. The NDVI can
calculated from the visible absorbed and NIR reflected using the following formula:
NDVI =

(NIR−red) 71
.

(NIR+red)

In order to obtain NDVI, an image, known as a raster image, of the area is
required. Raster images are multi-spectral images generated from satellites that can be
manipulated to display the NDVI value of each cell within the image. Rasters are set up
in a grid format of rectangular cells with each cell’s size dictated by the resolution of its
respective satellite. It is recommended to utilize QuickBird-2 satellite imagery to obtain
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an accurate vegetative understanding of an area. The ultra-fine resolution imagery
generated from the QuickBird-2 satellite is highly effective in capturing these values
along with various other aspects of land cover.
Once obtained the NDVI values of each geolocated habitat can be obtained
through the ArcGIS software. This variable can then be utilized in statistical analysis to
obtain the NDVI values of the most productive sites within an area at a specific point in
time. This information is valuable in the development of control protocols and for
predicting the productivity of similar unknown and unsampled areas. The protocol for
utilizing a raster in creating a NDVI model within the ArcGIS software is listed below.
1.
2.
3.
4.
5.

On the toolbar select the windows drop down tab
Within windows select Image analysis
Select the options icon located within the image analysis window
Within options move to the NDVI tab
The NDVI tab displays options for Red and NIR (near-infrared) bands.
Select the respective band number for each band based on the satellite
used. (For quickbird-2 imagery the Red Band is band 3 and the
Infrared Band is band 4).If using a raster from a different satellite the
metadata for the respective satellite will determine which bands to use
for Red and NIR.
6. Select the Use Wavelength and Scientific Output boxes also located
within the NDVI tab.
• The wavelength tab will identify the correct bands to use if your
raster contains wavelength information. If wavelengths are not
contained within the raster, band numbers will be used in their
place72.
• The Scientific Output box creates output values that range -1.0
and 1.0 by utilizing the Band Arithmetic function72. This output
range is the preferred method of the analyzation of vegetation
index, as NDVI values range from +1.0 to -1.0. When
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interpreting NDVI, values of 0.1 or less are indicative of barren
areas (sand, rock, snow, etc). Sparsely vegetated areas
(shrubland, grassland) are indicated by NDVI values of 0.2-0.5.
High NDVI values or those above 0.5, indicate dense vegetation.
These high scores often correspond to areas rich in temperate
and tropical forests or crops at their peak growth stage73.
7. Select OK after all aspects of the NDVI tab are complete to return to
the image analysis window.
8. Select the NDVI button indicated by a leaf ( )
9. A new raster will now be created to display the NDVI values for each
polygon within the image.
Normalized difference vegetation index model: Papoli
The same techniques described above were used in the generation of Papoli’s NDVI
model. The use of a NDVI model was determined to be necessary as a result of the
associations of mosquitoes within the Anopheles gambiae complex and differing
vegetative states22, 26, 74. A study in Gabon demonstrated a positive association between
abundance of mosquitoes within the Anopheles gambiae complex and habitats in areas
dominated by grass, sedge, and rice when compared with floodplain areas lacking
vegetation75. Conversely, a laboratory in nearby Kenya demonstrated that when given a
choice Anopheles gambiae females laid 4 times more eggs on bare wet soil than on grass
covered soil74. These same species were identified within Papoli and a NDVI was
created and analyzed to attempt to determine the significance of this variable for
mosquitoes within the community (Appendix B: Figure B4).
This model was ultimately not used within the data analysis since only one image
from one point in time was available. The NDVI index does not remain constant
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throughout the year, thus the output would not be suitable for temporal analysis unless
multiple models could be developed. This model however did prove useful in the initial
community environmental analysis and in the development of control zones.
Land use land cover model
Land use land cover models utilize the raster image to classify areas into
categories based on the values of the image. Once developed, a complete picture of the
extent of each land use and cover type of an area is apparent.
A Land Use Land Cover (LULC) model is created using the ArcGIS software
through a technique known as image classification. This technique involves extracting
information classes from the multiband raster image to create thematic maps76. Two
different types of classification can be used to develop these models: supervised and
unsupervised. For mosquito surveillance proposes, we found supervised classification
to be the preferred method.
Supervised classification involves the analyst manually selecting samples of each
known land use class to ‘train’ the software in respect to what aspects of the image
represent this class. All spectral bands contain numerical information relative to the
pixels comprising them. The numerical information represented within the pixels is
utilized for this software ‘training’, ultimately allowing it to recognize spectrally similar
areas77. Multiple examples of the same land use class will be selected and combined to
create a representative sample for that class. The selection of a high number of similar
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class sites results in a more robust recognition process and an increase in model
accuracy. It is recommended that at least 10 examples of each land use type be selected
when creating this model.
Land use representative classes are run through Maximum Likelihood
Classification, which utilizes an algorithm to assign each pixel within the image to a
class with the highest likelihood. This is done through the definition of the class
statistics for each class, and then classifying image pixels according to their distance to
the class means. Pixels are assigned to the class to which it has the least amount of
distance78. The distance is scaled using the Bayes maximum likelihood rule78. The
output of this classification represents the land use composition of the community
based on the selected land use classes.
Unsupervised classification groups pixels with similar numerical information,
but lacks any specific characterization. The analyst does not specify the land use types
with the image, but instead attempts to match the output from an unsupervised
classification to a land use type. As a result, a supervised classification type is strongly
preferred. The process for the development of a supervised LULC model is described
below:
1. Bring the surveillance area raster image into the ArcMap data frame
2. Select Customize from the ArcMap tool bar and select Image
Classification from the resulting drop down menu. An Image
Classification tool will then appear
3. Ensure that the raster image of the surveillance area is the raster
displayed within the drop down menu of the Image Classification tool.
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4. Select the Draw Polygon Icon ( ) from the Image Classification Tool
5. Zoom in to the image and draw a polygon entirely within a known
land use class
6. Draw at least 9 more polygons identifying the exam same land use
class (it is best to do this across all aspects of the image)
7. 10 training samples are now displayed within the Training Sample
Manger. All samples within this manager should be selected at the
same time
8. The merge icon ( ) should then be selected within the toolbar of the
Training Sample Manager. This will merge all the selected polygons of
the land use class into one class
9. You can rename the class to what it represents as only 1 class will be
displayed in the Training Sample Manager
10. This process in steps 4-9 should be repeated until all land use classes
within the image are identified and have a representative land use
class
11. Once all classes are created the create a signature file icon ( ) should
be selected
12. On the Image Classification tool select Classification and the select
Maximum Likelihood Classification
13. Within the Maximum Liklihood Classification pop up box select the
raster image as the Input Raster Bands
14. Select the signature file created in step 11 for the Input Signature File
15. The output classified raster should be saved in a specific folder labeled
LULC Model created in Arc Catalog
16. Select OK to run the process and obtain a LULC output
The identification of specific land features will provide an enhanced outlook on
the environmental features composing a community. Additionally, replicating this
model with multiple images generated over a period of time can illustrate the changes
in land over time within a community. This illustration of land change is not essential to
a surveillance project, but could be highly useful if this is an area of interest within the
scope of the surveillance project.
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Land use land cover model: Papoli
A single, supervised LULC model was created and analyzed for Papoli using the
same process described above, which resulted in the identification of the following land
use classes: commercial, tree cover, agriculture, tarmac, swamp, savannah, and
residential (Appendix B: Figure B5). This model proved crucial in the development of
individual control zones prior to the onset of the surveillance program, as it displayed
potentially productive areas, as well as key community landmarks utilized in boundary
development.
Shapefile development
Once the raster image is developed for the surveillance area and the associated
environmental models are created, shapefiles of each zone and other key features
should be created. These files will serve to map the community, as well as organize its
boundaries into a district-like fashion. The surveillance area itself should represent the
district and be broken up into smaller zones, which will be assigned to field team
members. Each member will be responsible for the surveillance practices within their
respective zones. The area itself will dictate the fashion in which control zones should
be established. In more urbanized city environments, a grid system similar to that of
city blocks may be optimal to determining zonal boundaries. In areas that are less
uniform, such as agricultural communities, it may be best to utilize local landmarks or
well-known roads as zonal boundaries.
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The number of zones should be relative to the number of field team members
utilized on the project. Geography, potential habitat density, and physical fitness of
field workers will all dictate the size of each control zone. Outputs from both the NDVI
and LULC models are useful tools in structuring the zones to fit the community’s
environmental makeup. It may be the case that within the district, certain zones will be
larger or smaller than others as a result of these variables. In the case that the
surveillance program is focused on key vector species, the flight range for such species
should be factored into the size of the control zones. Highly populated areas should be
given priority and a buffer equaling the flight range of the species created around them.
The boundary for each zone in this case should encompass at least the buffer, and
beyond if possible. The environmental models previously created are once again very
useful during this aspect of zone development.
It is best to create all zones prior to arrival with the input of the local partner and
amend them upon arrival if needed. The local partner will be able to provide
recommendations, as they are acutely aware of the area itself and its limitations. Early
zonal development also allows for information dissemination to the community
members located within the proposed area about the upcoming surveillance program.
Other tools such as satellite imagery or topographic maps may also be useful in the
initial development of control zones.
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The newly developed raster image of the surveillance area should be brought
into ArcMap and utilized to generate the zonal shapefiles. The same process for
shapefile creation used in the study area extraction process should be utilized to create
a shapefile for each respective control zone. The first step in this process is to generate a
shapefile that displays the perimeter of the surveillance area. Optimally this will be
developed based on GPS coordinates indicating the endpoints and centroid of the
surveillance area. If this information is not available, key landmarks or features can be
communicated by community partners and identified using ArcGIS software by
zooming into the raster image. It is recommended to use a polygon feature within
construction tools to develop this shapefile. The polygon feature will allow for each key
endpoint to be selected quickly creating a perimeter while simultaneously
encompassing the interior of the surveillance area.
Once the perimeter is established, this shapefile can be overlaid upon the base
raster image. This perimeter will then serve as an outline within which the surveillance
zones will be located. The exact procedure used for creating the perimeter polygon
shapefile is utilized for creating each of its interior zonal shapefiles. The amount and
size of these zones should be determined prior to this step. If needed, ArcGIS provides a
measure tool (

) located on the toolbar. This tool allows for the measurement of the

perimeter, area, or other feature measurement of an area in question. At the completion
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of this process, a shapefile should exist for each zone, as well as for the perimeter of the
surveillance area.
A combined merged shapefile of each of the newly created zonal shapefiles is
recommended for analyzing the surveillance area as a whole. The merge tool combines
multiple input datasets of the same data type into a single, new output dataset and can
be found under the geoprocessing menu located within ArcMap79.The merge process is
described below:
1.
2.
3.
4.

Select Geoprocessing from the ArcToolbar
Select Merge from the drop down menu
Add all shapefiles in order as the Input datasets
The output dataset should be named ALL_Zones and placed within
the folder that contains all other zone shapefiles.
5. Select OK to run the merge tool
One shapefile containing all zones and their respective characteristics is now created
and located alongside all other zone and perimeter shapefiles. These shapefiles can be
later manipulated in a multitude of fashions to determine mosquito productivity on an
individual or comprehensive level. If necessary, zones can be amended prior to project
implementation.
As mentioned earlier it may be necessary to take into account the flight range of
a vector species of concern to ensure surveillance locates as many impactful habitats as
possible. This can be done using the ArcMap’s buffer tool. This buffer tool creates buffer
polygons around input features and can be found under the ArcMap’s geoprocessing
menu79. The buffer process is described below:
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1. Select Geoprocessing from the ArcToolbar
2. Select Buffer from the drop down menu
3. The shapefile around which the buffer is to be created (Perimeter,
Zone, etc) should be selected as the Input Feature
4. The output feature class should be named Buffer and placed within
the folder that contains all other zone shapefiles
5. The linear unit of choice is then selected and the distance desired
manually written in the corresponding box
6. Select OK to run the Buffer tool
A buffer is now created to the desired distance surrounding the shapefile of
interest. At this juncture, all required foundational shapefiles have been established.
These shapefiles include the perimeter, each individual zone, all zones merged, and a
flight range buffer.
Shapefile Development: Papoli
GPS waypoints indicating the extreme boundaries of Papoli were obtained
through previous research conducted within the community. The georeferenced points
were overlaid upon the newly developed raster base map. Using these data points,
Papoli was split into 4 zones (Zone A,B,C,D) in relation to the number of field team
members hired for the program. Prior to arrival, at the University of South Florida, a
community perimeter and a general outline of each zone were created. These initial
zones were based on past experience, local knowledge, and geographical and
environmental analysis using the combination of ArcGIS 10.3.1 software and Quickbird2 imagery. This outline served as a starting point for boundary development for each
zone.
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Upon arrival, the entire community was systematically mapped. The raster
image was enhanced to display key features of Papoli’s landscape within the
predefined boundaries. The community members analyzed the enhanced image,
methodically outlining the entire Papoli community. The complete Parish boundary,
including the boundaries of each of the community’s 11 villages was ultimately
developed and built into a new shapefile. This shapefile was built within a newly
created Mapping Folder created within ArcCatalog. The same Projected Coordinate
System (WGS_198_UTM_zone_36N ) and Geographic Coordinate System
(GCS_WGS_1984) displayed by the raster image was utilized. Zones were assigned at
this early stage of the training program so field team members could get familiar with
all boundaries and inform those community members living within the boundaries of
their actions. This proved beneficial as it allowed community members to assist the field
team in locating potential habitats on their respective properties.
The boundaries of the newly generated shapefile were analyzed using the
measure tool within ArcMap. The area of Papoli Parish was determined to be too
approximately 26 km2. In order to provide proper surveillance a buffer of 0.5km in all
directions would need to be added as well. The 0.5 kilometer buffer was added to
account for the known flight range of an Anopheles gambiae mosquito that has yet to
feed80. This mosquito had been previously identified as a key malaria vector within the
community. The additional buffer resulted in a surveillance area upwards of 30 km2.
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This size was determined much too large for a 4 person field team to sufficiently survey
within the period of a week. The best course of action in reducing the surveillance area
was to target the areas of highest population within Papoli and ensure these areas, as
well as their respective 0.5 km buffers would be encompassed during surveillance.
The majority of Papoli’s population is located within the central most areas of the
Parish. The Quickbird-2 raster image was utilized and clearly displayed these highly
populated regions of the community. Employees of the Community Development
Department at PACODEF were also enlisted in the identification of Papoli’s population
density. These employees work within all villages of Papoli on a daily basis and many
of them were born and raised within the community. With the help of the help of
PACODEF’s Community Development team and the accuracy of the satellite imagery a
new shapefile was developed encompassing the highest densities of Papoli’s
population.
The new shapefile was created within the same Mapping folder located in
ArcCatalog. A polygon shapefile was then created by zooming in on the raster image
and manually drawing the boundaries to encompass the areas determined to be
Papoli’s most densely populated. To ensure spatial consistency, the same Projected
Coordinate System (WGS_198_UTM_zone_36N) and Geographic Coordinate System
(GCS_WGS_1984) were utilized as that of the rest of the shapefiles and imagery.
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Before completing the surveillance area, the Anopheles gambiae flight range buffer of 0.5
km needed to be added. This buffer was comprised of all areas 0.5 km outside of the
newly created surveillance boundary. The same buffer tool described previously was
utilized. Once selected the newly created raster image was utilized as the Input Feature,
while the Output Feature Class was assigned to the Mapping Folder and named
SamplingBuffer. The linear units selected were kilometers and set to buffer at 0.5 km
before running the tool. The shapefile output (SamplingBuffer) created by this buffering
process produced an area of approximately 11.1 km2 and would become the
surveillance area shapefile utilized throughout this research. The shapefiles of this 0.5
km buffer and Papoli’s area of highest population can be seen in (Appendix B: Figure
B6). This shapefile was then overlaid over the final raster image to depict the final
surveillance area (Appendix B: Figure B7). To best display the surveillance zone, the
outline of this SamplingBuffer shapefile was enhanced and the fill color set to hollow.
Zonal areas within this new sampling area were created based on all prior information
gathering. Papoli’s geography and environmental aspects were also integrated into the
creation process, along with key community landmarks, such as village boundaries,
trading centers, wells, and recognized pathways.
Once a suitable zone was established, an individual polygon shapefile was
created for each surveillance zone using the same process as described previously. The
raster image was enhanced by zooming in on the image in the area of the newly
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proposed zone. With the help and understanding each zone’s respective team member
the boundaries were manually drawn within the ArcGIS softwre to encompass each
zone. As in all previously created shapefiles, these shapefiles were created and stored
within the Mapping folder located in ArcCatalog and utilized the same Projected
Coordinate System: WGS_198_UTM_zone_36N and Geographic Coordinate System:
GCS_WGS_1984.
The final size of each zone is as follows: Zone A: 2.32 km2; Zone B: 1.88 km2; Zone
C: 4.05km2; Zone D: 2.86 km2. Zones A and B are the smallest and encompass the
western and northwester-most parts of our surveillance area. These areas are home to
the most extensive agriculture in our surveillance area. Agriculture in this community
generates an abundance of potential habitats and as a result, Zones A and B are the
smallest. Zone C by contrast is the largest zone. The area encompassed in this zone is
the most arid and is composed more of residential housing than agriculture. Zone D’s
composition is a combination of residential and agriculture and therefore is slightly
larger than Zones A and B, but smaller than C.
After development, all zonal shapefiles were combined using the merge tool into
a final shapefile demarcated by zone. The same process described previously is utilized
to perform this merge. Within the merge tool all 4 zone shapefiles were added as Input
Datasets. The Output Dataset was named SamplingZones and saved to the Mapping
folder. The tool was then run and resulted in the creation of a new shapefile divided
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into our specified zones. The final zonal boundaries can be seen in Appendix B: Figure
B8.

Operational Outline
The principle objective in the development of operational outline should be to
identify the location of highly productive habitats for local mosquito populations, both
vector and otherwise over time, in a safe, effective, and economical manner.
The operational outline should encompass all needed variables necessary to implement
a surveillance program. This outline should describe an approach to the surveillance
itself, as well as the key materials needed to implement this surveillance, monitor its
progress, and ultimately analyze the outputs generated. Once established, operations
should be kept uniform over the entire study period to reduce confounding data.
Operational outline: Papoli
Identifying those habitats demonstrating the highest productivity and
highlighting their location spatially over time for subsequent elimination is the
foundation of the control program in Papoli. In Africa habitat productivity is not
uniform, with some habitats contributing largely to the overall population13, 81. Typically
mosquito larval dispersion is not evenly distributed or even random. It is instead
considered contiguous, as populations tend to aggregate in more favorable areas within
the environment of the habitat56. As a consequence, the management of small
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proportions of aquatic mosquito habitats can result in large proportional reductions in
total productivity while at the same time allowing for the optimal utilization of control
resources, which are oftentimes scarce. A model depicting this technique found that
with coverage of only 30% of habitats the total productivity of an area could be reduced
by 70%, and the malaria incidence in intermediate transmission areas could be similarly
impacted with a reduction of 66%13.
Larval habitat identification is recommended to be continuously performed
throughout the entire study period, as the habitats for mosquitoes change seasonally.
This information will be analyzed in conjunction with additional adult mosquito data,
as well as remote sensing and environmental output. This specifics and timeline for
these operations throughout the Papoli project discussed throughout this manuscript.
Environmental data
Generation of environmental data is a useful tool when monitoring mosquito
production over time. Many environmental factors are interrelated with mosquito larval
production. Key climatological factors such as rainfall, temperature, and humidity have
long been associated with an increase in mosquito production 22, 56, 82. Rainfall in
particular is strongly associated with increases in mosquito production, including
known malaria vectors22, 56, 57. Rainfall influences near-surface humidity, in turn this
directly influences the mosquito life cycle by increasing mosquito flight activity,
oviposition, and resulting host-seeking behavior58. Additionally, rainfall has been
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shown to increase the abundance and variety of aquatic habitats available for
oviposition, and subsequent larval prouction58, 59, 60. Monitoring these conditions allows
for an understanding of their dynamic impact on the community in relation to mosquito
production. This understanding can provide the essential information for the prediction
of specific productive habitats or areas at specific points in time82.
Environmental readings can be generated in multiple ways. Daily precipitation,
temperature, and humidity reports are oftentimes generated by various government
and non-governmental agencies. If this data exists for the surveillance area, it can be
reliably used. Data from weather stations can also be accessed and utilized.
If surveillance is conducted in an extremely remote area, if no reliable weather data is
available, or if a specific area is targeted, weather generating tools can be utilized. These
include rain gauges, thermometers, humidity monitors, and all-in-one portable weather
stations. This equipment should be constructed in a centrally located position to
generate accurate readings for the area. Weather-related websites can also be utilized as
a tool if no other options are available and data is generated from a reliable source.
Environmental data: Papoli
The protocol devised for analyzing the environmental data was that of using a
rain gauge and monitoring local weather data via online resources. A portable weather
station was not cost effective for the program, and instead data generated from a
weather station in nearby Tororo, Uganda was utilized.
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Surveillance
The development of a surveillance plan should be thorough, but not overly
complicated. Surveillance practices should be focused on the larval stage of the
mosquito, though supplementary adult data can be useful. In this juvenile stage, larvae
are highly concentrated, restricted in movement by their respective habitat, and easily
accessible when compared to their adult counterparts82. Identification, and eventual
treatment, of these highly productive larval habitats will result in large reductions of
the overall mosquito population, as well as reduce any collateral environmental
contamination13, 82.
If the surveillance area size is suitable, complete surveillance of each zone on a
daily basis is the preferred methodology. Surveillance in this case allows for
information on the daily progression of mosquito larvae. Larvae can be tracked by
instar, allowing habitats that have large proportions of larvae successfully progressing
from first instar to pupae to be identified and treated accordingly. If the surveillance
area is extremely large, or the hiring of field team members is limited by cost or other
resources, a zone that can be appropriately surveyed within 5 days is acceptable, as it is
rare for larvae to progress from first instar to adult within this time frame. In such cases,
members of the field team would survey 1/5 of their zone for all possible habitats each
day. By the end of the 5 day period, the entire zone for each member will be covered.
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Larval/pupal surveillance
Identified sites were to be recorded and mapped via a GPS unit and returned to
the program manager at the conclusion of the day for analysis. Site inspection should be
repeated continuously throughout the program to generate data on the larval
developmental stage, rainfall, and presence of standing water within the zone. These
sites will be monitored for all species of mosquito larvae, and documented when
present in an effort to establish mosquito species succession and identify multiple
generations of individual species over time.
The methodology for this plan was adapted from a similar operational protocol
in the neighboring East African country of Eritrea83. Prior to beginning surveillance,
field team members are to be provided a field pack that contains all necessary
surveillance materials. This pack includes a clipboard, or folder, that contains key data
collection and reference materials. Paramount to this is the Larval Habitat Surveillance
Data Sheet in which all surveillance findings are to be recorded.
The development of a thorough field data sheet is essential in generating all the
needed data for a successful program. These field sheets are to be carried by all
members of the field team and filled out accordingly when a habitat is identified.
Relevant variables, mosquito productivity, and the respective GPS point for every
habitat located are to be recorded within the field data sheet. The data accumulated
within these sheets are returned to the project manager at the end of the day to be
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entered into a master excel file for analysis. In a well-funded project the utilization of
digital data sheets may be possible. In this case an excel file can be utilized as the data
sheet. Data collection in this manner has the added advantage of removing the data
entry step to data analysis.
A Larval Habitat Surveillance Field Reference Sheet and a GPS Reference Sheet
should also be included to prevent confusion while filling out the Larval Habitat
Surveillance Data Sheet or taking GPS reference point in the field. An image of the
respective team member’s study zone (satellite, map, or hand drawn) is also a useful
tool. It is recommended to error on the side of caution and provide the field team with
as many materials as possible to reduce confusion while in the field.
Once fully trained, field team members would survey their respective zones each
day for all areas of standing water. In an optimal surveillance program, each team
member will survey their entire zone on a daily basis and generate daily data points;
however, this is not always possible. In these cases, it is still acceptable to take up to 5
days to complete a comprehensive survey of the zone.
Site inspection is to be repeated weekly to generate data on the larval
developmental stage, rainfall, and presence of standing water within each zone. These
sites are then monitored for all species of mosquito larvae, and documented when
present in an effort to establish mosquito species succession and identify multiple
generations of individual species over time.
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Site identification procedure
Upon identification of a possible larval site, each site is be recorded and given a
site number corresponding to the respective section and date. Recording is to be in a
uniform manner depicting the SectionNumber and Date. For example, Site 1 in section
A on January 1, 2016 should be displayed as follows: A001_01/01/2016. Variations on
this are acceptable as long as all site recordings are uniform and understood by all
members of the team. After the site number is recorded, the Larval Habitat Surveillance
Data Sheet is filled out to adequately represent the site being surveyed. All sites will
also be marked with a GPS waypoint at this juncture. The GPS waypoint number
displayed on the GPS unit should be recorded within its column on the Larval Habitat
Surveillance Data Sheet. This will allow the project manager to generate daily habitat
maps using ArcGIS software. This is done simply by linking the site’s spatial GPS
waypoint with the data recorded by the field team member. By collecting data in this
manner, a larval habitat database can easily be developed to illustrate temporal and
spatial distributions and habitat productivity83.
Site sampling procedure
Sampling should occur after the recording the waypoint and related variables for
an identified potential habitat site. Using a standard larval dipper, sites are to be dipped
3 times at larval aggregation points. Sufficient time should be taken between dips, about
3 minutes, to account for larval dispersal resulting from the dip prior84. Specific location
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of the collection within the habitat should be added to discriminate individual samples
within a site when needed. Larval samples are to be placed with water into plastic
whirl bags labeled with the site number before being returned to the study
headquarters for rearing and identification83. If needed, larval samples could be passed
through a sieve before being placed in the twist bags. All sites would be revisited each
week and additional sites added to the database when identified.
Specimen analysis
At headquarters all daily specimens are separated by zone. Individually, and by
site, each whirl bag is emptied and its larval contents analysed. These specimens are
identified to genus, recording total larval count in respect to each larval stage. The
pupal count is also recorded prior to adding the data to the database. All data should be
recorded in a .csv Excel file. This will allow it to be joined to spatial data and displayed
within ArcGIS software. If desired, 4th instar larvae of interest can be analysed
microscopically to the species level at this junction.
After identification, a sub-sample of larvae and pupae are to be killed with hot
water and placed into 75% alcohol tubes to serve as voucher specimens. An additional
sub-sample of larvae will be reared to adulthood and pinned using standard
procedures to serve as voucher adult specimens. All unidentified pupae by are to be
placed in cages labelled by site number and allowed to emerge to adulthood. Once
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emerged these adults are processed in the same manner and subsamples kept for
identification purposes.
The number of late stage (forth instar) larvae and pupae per habitat should be
recorded as a separate variable in the database and used to establish habitat
productivity. Pupae counts have been demonstrated to serve as a proxy for habitat
production with various mosquito genera85, 86, 87, 88. This productivity data was then
mapped and analysed over time allowing for optimal habitat prioritization83.
Priority of sites is determined by the director using all relevant data collected.
The key variables for this decision are derived from the surveillance data collected, and
include mosquito production counts and mosquito species present. All collected
variables are input into an ArcGIS remote sensing database where optimal treatment
points are generated. This determination can further be linked to rainfall and other
environmental variables present. This information ultimately should be developed into
a habitat prioritization protocol that can be easily understood and followed by all
members of the team. This can be referenced in future years when environmental
conditions and time of year mimic those identified through this surveillance.
Larval/pupal surveillance: Papoli
In Papoli, the operational outline for larval surveillance followed the exact
process described. Due to the severe malaria problem within the community, Anopheles
larvae were recorded separately, as the spatial and temporal distribution of these
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vectors will be paramount for future control practices. Anopheles data was not removed
from the total productivity of each site. Instead, an additional database was created
where only Anopheles data was entered.
Surveillance of each zone was to be completed within 5 days, as a result of the
relative size of the surveillance zones to field team members. The data sheet utilized
was structured in a similar fashion to data sheets used in a related study, though
conducted in an urban environment, in Dar es Salaam, Tanzania89. This field sheet was
carried at all times during surveillance and filled out accordingly when a habitat was
identified. The variables identified within these sheets included: date, name of team
member, zone; habitat ID number, habitat type, habitat change, shade, presence of
water, size of habitat, depth of habitat, vegetation, presence of larvae and type, presence
of pupae, description of habitat, and a section for any useful comments. A Larval
Habitat Surveillance Field Reference Sheet and an additional sheet dedicated to the
explanation of each variable are available in Appendix B.
Adult surveillance
We recommend a focus on larval control, as it has shown to be more reliable in
determining mosquito abundance when compared to traditional adult light trap
collection90. However, a debate remains on the most effective method of determining
mosquito abundance56, 65, 75, 91. As a result, we do not discourage the utilization of adult
specimens in conjunction with the data obtained from larval surveillance. In fact,
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compiling both sets of mosquito data allows for a complete and reliable understanding
of the mosquito distribution over time within the community90.
There are many methods used to sample adult mosquito populations, though
our research recommends the use of CDC miniature light traps placed in strategic
positions within each zone22, 56. These traps utilize a consistent light source and a
battery-powered, downdraft motorized fan to respectively attract, obtain, and retain
specimens in an attached collection bag. Light traps have been long been utilized to
capture large numbers of adult mosquitoes for use in a wide variety of mosquito
research projects22, 56. Prior research with the similar New Jersey light trap demonstrated
sampling on a 1 night per week basis was adequate for estimating seasonal abundance
over time92. This single weekly sample should be employed as a supplementary tool to
gain a general understanding of the adult population at a particular point in time.
Adult Surveillance protocol
The structure of the sampling protocol should be established by the director,
though certain aspects should be involved in all adult surveillance of this sort. Multiple
traps should be set on a weekly or daily basis based on preference. All traps should be
positioned so that they are surrounded by environments conducive to high adult
mosquito activity, as well as in an area deemed to be secure. Security is necessary
prevent the loss of traps, specimen contents, and the associated light trap batteries.
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Prior to setting out the light traps, strategic locations for each trap should be
determined. This can be based on larval counts, environmental makeup, or community
input. Trapping both indoors and outdoors is recommended, as species prefer a
variance of habitats. Before proceeding with indoor trapping, the homeowners must be
notified in person, explained the process, and have provided their full permission.
During this initial encounter, an Indoor Adult Surveillance Data Sheet should filled out
in respect to the characteristics of the home that is to be sampled. This sheet should be
developed to identify key household variables that may influence the overall mosquito
count or species diversity. Household population, type of home, size of home, and a
multitude of indoor characteristics may be of interest to the surveillance director.
As each adult light trap is established, GPS waypoints should be obtained. Each
trap should also be provided an identifying name to distinguish it within the dataset.
Naming should occur in the following manner: ZoneLocationTrap_Date. Zone refers to
the surveillance zone in which it is located, while Location indicates the placement of
the trap. Location should be classified as I for indoors and O for outdoors. The trap
number refers to the trap itself and the date refers to the date in which the trap was set.
For example, Indoor Trap 1 in Zone A on January 1, 2016 should be named AI001_
01/01/2016. Traps can remain stagnant over the entire study period or rotate throughout
locations. This decision is up to the discretion of the project manager. If a trap is
stagnant, its GPS waypoint only needs to be obtained once, at the onset of the program.
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Similarly these traps need only one identifying name that changes only in the Date
portion when sampled. If a trap is mobile throughout the surveillance period, it should
receive a new waypoint and full identifying name each time it is moved.
Traps are to be set an hour prior to dusk and obtained shortly after dawn. Once
collected, specimens should be delivered directly to the surveillance director. Specimens
are then killed and kept for speciation purposes. Date, site, week, and habitat ID, along
with mosquito species or genera counts should be recorded in the adult database for
analysis. A subsample of specimens can be retained and utilized as reference voucher
specimens for future speciation.
In the event that species are obtained that cannot be identified morphologically,
the specimens should be set aside for laboratory identification. A subsample of
specimens can be used if a multitude of specimens are present or resources are limited.
Adult surveillance protocol: Papoli
Adult mosquito sampling was conducted using CDC miniature light traps
within the boundaries of Papoli. In nearby Kalifi, Kenya, it was shown that light traps
were less efficient at estimating Anopheles population than landing counts in areas of
low vector abundance, but that it did not preclude this method from monitoring
populations at the village level72. Our village-level use of light traps was done in an
effort to reduce the risk associated with landing counts, as well as to maximize the time
and efforts of the surveillance team. Adult sampling began one week after the onset of
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the Papoli surveillance project, thus the first week of adult sampling is referred to as
Week 2 in all datasets.
Based on data generated through prior research in the community, it was
determined that species of Anopheles and Culux genera were of the greatest concern for
disease transmission and nuisance biting respectively. Light traps were strategically set
to target the known habitat preferences of species of these genera in the region.
In this project all outdoor traps remained fixed in the same position throughout
the entire surveillance program. This allowed for a clear demonstration of the adult
mosquito population fluctuation over time. All indoor traps were located within
different households during each sampling session. This rotation accounted for the
variance in characteristics of each household, as well as the variance in household
location.
Each week, 12 CDC light traps were set and analyzed. 3 light traps were set in
each zone and sampled on the zone’s sampling day. These traps were distributed as 2
stagnant outdoor traps and 1 rotating indoor trap. Outdoor traps were set at 2 strategic
positions previously identified to have high outdoor mosquito activity. All trap
locations were identified through discussions with community members residing
within each specific zone. The outdoor traps remained in the same location and were
monitored weekly over the entire study period to gain a greater understanding of the
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relationship between larval habitats and the subsequent adult mosquito population
over time.
Along with the outdoor traps, a single indoor trap was also set within the
respective zone of surveillance. This trap’s placement rotated to the interior of different
households throughout each zone to get a full idea of the variance of indoor mosquito
population over time within the community. Indoor surveillance served especially
important in Papoli, as malaria vectors are extremely common within community
households. The potent malaria vectors obtained within local households via this
surveillance program and prior research include the Anopheline species: arabiensis,
gambiae, and funestus. These same vector species were also recorded through outdoor
surveillance.
Each adult light trap location was given a unique identifying name prior to the
onset of adult surveillance. This unique identifier served to distinguish each site during
statistical and spatial analysis. Naming was structured in a ZoneLocationTrap_Week
manner where the outdoor traps were entitled 1, 2 and the indoor traps identified as I.
A trap number was not needed for indoor traps, as only one trap was set each week in
each zone and the week aspect of the name was substantial for differentiation. For
example, during the first week in Zone A, the outdoor traps were identified as AO1_W1
and AO2_W1, while the indoor trap that week was identified as AI_W1. The next week
in this same zone the trap names remained the same with only the week aspect of the
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name changing. Week 2 traps were identified as AO1_W2 and AO2_W2 for the outdoor
traps, while the indoor trap that week was identified as AI_W2. GPS waypoints were
obtained for all adult surveillance sites for spatial analysis. At the onset of adult
surveillance, during Week 1, a waypoint for all stagnant outdoor traps was obtained.
Indoor points were taken by the field team member each week as a new household was
utilized.
The adult surveillance schedule was organized as follows: Monday in Zone A,
Tuesday in Zone B, Wednesday in Zone C, and Thursday in Zone D. Surveying one
zone per day allowed sufficient time for recharging the necessary light trap batteries
and for timely processing of the adult mosquito catch from the previous day. See
Appendix B for the full Outdoor Adult Mosquito Surveillance Schedule.
Prior to setting the indoor trap, a field team member met with the homeowners
and explained the process before obtaining permission for sampling. During this same
meeting, an Indoor Adult Surveillance Data Sheet was filled out in respect to the
characteristics of the house (Appendix B). Variables included total number sleeping
within the household, total number of adults, number of children, number of adult
men, number of adult women, number of homes within the compound, number of
plants within the home, number of water storage containers within the household,
presence of a bed net, size of the home, material used for house construction, roof type,
and use of any mosquito repellent techniques. These traps were set in each
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predetermined location at dusk and obtained shortly after dawn on a weekly basis.
Once collected, specimens were delivered directly to the team director for analysis.
Specimens were killed via direct exposure to the sun and kept for speciation purposes.
Each day following outdoor surveillance all traps were emptied and all adult
mosquitoes identified to the genus level. All Anopheles specimens, as well as known
vector species (Aedes aegypti, Culex quinquefasciatus) were identified to the species level.
Date, site, week, and habitat ID, along with mosquito species or genera counts were
recorded in Excel within the Indoor Adult Surveillance Data Sheet. The count variables
for this data sheet are composed as follows: Total Mosquitoes, Anopheles, Anopheles
Female, Anopheles Male, Blooded Anopheles, Anopheles gambiae complex, Anopheles
funestus, Anopheles maculipalpis, Anopheles squamosus cydippis, Anopheles pretoriensis,
Anopheles seydeli, Unknown Anopheles Species, Culex quinquefasciatus, Culex Species,
Aedes aegypti, Aedes Species, Coquillettidia Species Mansonia Species, Urantaenia Species.
Subsamples of all specimens collected were stored in a freezer to be utilized as reference
samples.
Due to their role in malaria transmission, all Anopheles mosquitoes were
identified to the species level. All Anopheles mosquitoes were separated for
identification to the species level using A Supplement to the Anophelinae of Africa
South of the Sahara42, and a Zeiss Stemi DV4 microscope. Anopheles mosquitoes
identified to be in the Anopheles gambiae complex were recorded as Anopheles gambiae
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complex and further separated. Subsamples of these specimens were stored in a freezer
to be identified to species upon return to the University of South Florida. Mosquitoes
within this species complex cannot be identified morphologically. Genetic laboratory
analysis is instead needed as the species difference is based upon the species-specific
nucleotide sequences in the ribosomal DNA intergenic spacer93. Species identification
was accomplished via polymerase chain reaction (PCR) utilizing both the boiling and
Qiagen DNeasy methods. All genetic laboratory analysis occurred after completion of
the field research in an equipped laboratory setting. Other non-gambiae complex species
were identified, recorded within the Excel sheet, and kept as voucher specimens.
Habitat mapping
A key step in establishing the spatial component of a surveillance program
occurs within the habitat mapping aspect of the program. This mapping will represent
the distribution of habitats, both positive and negative, on a daily basis within the study
area. Observation and analysis of this data over time will generate a clear
representation of the mosquito distribution for the study area within the study time
period. A clear habitat mapping protocol should be developed prior to arrival and
surveillance implementation.
The mapping protocol begins with all field team members performing daily
surveillance their respective zones. Once a field team member identifies a potential
habitat, the GPS unit is utilized to obtain the exact location via a waypoint. Waypoints
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are reference points in the form of latitude and longitude coordinates that are stored
within the GPS unit94. Similarly, all data related to the habitat identified, including
larval or pupal presence, will be recorded in the Larval Habitat Surveillance Data Sheet.
At the conclusion of each surveillance day, the GPS unit and the surveillance sheet
should be returned to the director for analysis. A similar process occurs with
surveillance of the adult mosquito though on a weekly basis, and with the use of an
Indoor Adult Surveillance Data Sheet.
Each day upon receiving the GPS unit, a USB cable, or serial-to-USB converter
cable, can be utilized to upload all the daily waypoints directly to the director’s
computer in the form of a .gpx file. These files can then be converted to .kml files, which
can be utilized to spatially represent the habitats in various software applications, such
as ArcGIS or GoogleEarth.
Once uploaded, both files should be saved and named by zone and date. For
example the results for Zone A on January 1, 2016 would be named A_01_01_2016. All
.kml files for the day can be merged, using merging software, to generate the spatial
representation of potential larval habitats for that day.
Data from the Larval Habitat Surveillance Data Sheet should next be entered into
a .csv Excel database to save the larval counts that corresponds with the habitats
identified that day. This .csv file can then be joined to the waypoints represented by the
.kml files within ArcGIS software. This can then be manipulated to display any variable
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from each day spatially. Further specific information on this process will be discussed
later in the implementation section.
Habitat mapping: Papoli
The exact protocol outline described within the habitat mapping section was
developed prior to arrival in Papoli.
Key materials
All steps of the operational protocol should be examined and discussed to
determine needed materials for each aspect. A detailed master list of required materials
should be compiled and ranked by necessity. Materials determined to be projectessential such as field-sampling equipment, necessary identification materials, specific
technologies, etc. should be physically transported to the site with the project manager.
Decisions related to other non-specific materials should be made relative to the
resources readily available at the surveillance site. Thorough planning in this aspect of
protocol will result in a smooth and comfortable transition into the surveillance project.
Key materials: Papoli
Due to Papoli’s extreme rural location, almost the entirety of the necessary
surveillance materials had to be procured prior to departure and transported personally
by the director to the field site. A thorough list of all possible needs was developed after
the study protocol was generated. All steps of the protocol were examined and the
needed materials for each aspect were compiled into a master list. The list of required
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items included power adapters for all electrical equipment, compatible power strips,
microscope, Mosquitoes of East Africa Taxonomy guide, larval rearing cage, 6 CDC
miniature light traps, 6 motorcycle batteries (6v20a), 2 motorcycle battery chargers, 5
larval dippers, 2 CO2Meter.com Model CM-0018 dataloggers, 4 Garmin eTrex GPS
devices, GPS USB adapter, 250 AA Batteries, hand tally counter, 4 field bags, zip bags,
10 sieves, 400 double sided field data sheets, enamel pans, sample cups, pipettes, microcentrifuge tubes, pens, waterproof field notebooks, notecards, duct tape, 4 pairs of
polarized sunglasses, and forceps.
All key sampling materials were personally transported to the study site.
Smaller, locally accessible items, such as pens, calculators, wading boots, and transport
bags were purchased in the local market. Due to FAA restrictions the motorcycle
batteries were purchased and shipped via the supplier to an accessible PO Box in the
capital city of Kampala.

Implementation
The implementation portion of the surveillance program begins upon arrival at
the surveillance site. It is best to become acquainted with the area as soon as possible. A
tour of the community led by community leaders, field team members, and others who
may have a stake in the program is an optimal first step. As the surveillance program
develops, the implementation portion expands to encompass more necessary aspects of
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the program. An idea of the standard daily process after implementation is available in
Appendix B.
Environmental data acquisition
Obtaining weather data is a critical facet for monitoring larval locations and
abundance. Steps to acquire data in real time should begin upon arrival at the program
site. If weather stations or other data equipment is being utilized it should be set up in a
centrally located position within the community. The safety of this equipment should
also be taken into account when choosing a location. If data is being acquired from an
outside source, steps should be taken to obtain data on rainfall, temperature, and
humidity from the onset of the program. Data should be obtained and recorded on a
daily basis. This data will be linked with the data acquired from field surveillance to
monitor trends in real time and even allow for predictions on future areas of concern
based on the respective environmental data present.
Environmental data acquisition: Papoli
Papoli’s environmental readings were generated using acquired weather data
and the use of a standard millimeter (mm) rain gauge. This gauge was placed at the
residence of community leader and PACODEF Director, Emmanuel Ofumbi upon
arrival. Mr. Ofumbi’s compound was located centrally in the community and was easily
accessible by all members of the field team. Daily average humidity readings and
maximum temperatures were accessed via the website Weatherunderground.com. This
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website referenced a weather station located in Tororo, Uganda. Tororo is the closest
large city to Papoli and is located about 16 kilometers from Papoli. Due to the fact that
data was not generated directly from Papoli, the temperature and humidity readings
may differ slightly than those present within the community. However, Tororo’s
proximity to Papoli allows for a considerably adequate reading. It should be noted that
on limited occasions no readings were available for temperature or humidity. On such
days, the temperature and humidity generated from the day prior and the following
day were averaged to generate a plausible data point.
Training
Training should begin as soon as possible to begin instilling the critical aspects of
the program within the field team members. Training should take place initially in a
classroom-like setting where techniques are discussed. After conceptual understanding,
the remainder of the training should take place in the field, using a hands-on approach.
The duration of this training is malleable and should progress until it is determined that
all members of the field team have a complete grasp of all essential concepts. Ultimately
training will produce a skilled team with the ability to perform 3 important aspects83:
1. Accurately locate specific locations of all larvae in all sites.
2. Inform the director in a timely manner of daily surveillance data to
allow time for the application of larval sites before larval dispersal, and
certainly before adult emergence.
3. Use a variety of surveillance methods intended to monitor the
incidence of adult mosquitoes.
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Training: Papoli
Training for this surveillance program in Papoli took place over a period of 2 weeks
and 9 total days (Training paused to observe the community Easter celebration). The
complete training schedule and related notes can be found in Appendix B.
Team meeting: Training overview
The first step in the training process is to meet with the field team and begin to
develop a working relationship. The goal of this meeting is to clearly convey the
purpose of the program and the critical role the field team members play within its
functioning. This is best conducted within a short informal meeting where the outline of
the project along with the goals and expectation from both sides are discussed.
The meeting should begin with a brief overview of the program and be followed
by the expected duties of each member of the field team. It is beneficial to discuss in a
general fashion the known mosquito behavior and tendencies of the speceis in the area.
Specific techniques for sampling can be discussed, but with very little detail. This skill is
best taught in a hands-on, field-based manner.
The crucial aspect of this meeting is discussion. Not only does this meeting allow
for rapport to develop, it also serves to assist in the avoidance of future confusion or
conflict. Additional resources that may not be initially considered can often be
identified through the discussions at these initial meetings. The field team members are
experts in the community and how it functions. Information in respect to the
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community and its relationship with mosquitoes and their control is something that
often only comes from asking questions to the right people. Cultural practices and
human based behaviors are often just as important as the behavior of the mosquito
itself. The integration of mosquito control knowledge with the cultural knowledge of
those within the community will serve invaluably in the overall success of the program.
The meeting should conclude with the proposal and development of a tentative
training schedule. It should be stressed that training will continue until it is determined
all surveillance skills are sufficiently developed.
Team meeting: Training overview: Papoli
Prior to meeting with the field team, a short meeting took place with the
Community Outreach department of PACODEF. The meeting ultimately resulted in the
Community Outreach agreeing to assist with any translation as well as to any other
needs in respect to the field team’s interactions and movements throughout Papoli.
Shortly after the conclusion of this meeting, the first introduction to the field team, and
subsequent training took place.
In the Papoli project, funding allowed for 4 full time members of the field
surveillance team. This initial training meeting took place at the centrally located
pediatric center and consisted of all 4 of the field team members, as well as a local
community leader, who attended for informational purposes. This respected
community leader later joined pro-bono due to extreme interest in the welfare of the
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community and acted as a supervisor. We were eventually able to find funding for this
final 5th member.
At this meeting we ensured that a translator was present. Though the majority of
the community is fluent in English, there are small aspects of the American English
language and accent that do not translate well. Oftentimes specific aspects were better
described in the local language, Japadhola, and during these times the translator was
able to clearly relay the message to the field team.
This initial meeting/training session was very informal in respect to the aspects
of surveillance and served as more of an introduction to the project and to each other.
An overview of the program was first explained to provide a foundation for the
upcoming training methods. This was followed by a discussion on the basics of local
mosquito behavior and tendencies in an effort to convey the necessary surveillance
techniques in detail. The distinction between the local malaria vectors, the Anopheles
mosquito, was stressed in comparison to other local nuisance mosquitoes. This aspect
was of particular interest as the community associated all mosquitoes with malaria. An
impromptu larval differentiation guide was developed (translated into local
terminology) and distributed to the field team (Appendix B: Figure B9). An informative
discussion in respect to the local knowledge in regards to mosquitoes and their control
was conducted at this juncture. The information gathered during this discussion was
very beneficial as the scope of the training program was developed.
78

Specific techniques for larval sampling were discussed, but in very little detail.
This skill was later taught in a hands-on, field-based manner. A training schedule was
proposed and was determined to last 2 weeks. This time table was not concrete and it
was understood that training would continue until it was determined the team had
sufficiently mastered the skills needed for surveillance.
Due to prior research period within Papoli, the director of this program was
familiar with multiple members of the field team, allowing for a smooth and trusted
initial interaction.
Surveillance training
In order for a mosquito control program to be effective, quality surveillance is
essential. The surveillance program is focused on continuous surveillance of the study
area, allowing for identification of highly productive larval habitats over time. Larval
habitats will be prioritized as mosquito control is most effective and reliable when
directed at the juvenile larval stages. Following this approach allows for access to
mosquito populations in their most concentrated state, prior to adult emergence and
subsequent widespread environmental dispersal82, 83. This surveillance technique also
maximizes the treatment and monetary resources of the control program. By identifying
areas of potent larval production, the amount of necessary insecticide is reduced, thus
preserving the resource. Additionally, environmental contamination is decreased as less
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insecticide is used in a less expansive manner, resulting in a decreased environmental
exposure to high levels of insecticide83.
Supplementary adult mosquito population surveillance can also be implemented
to enhance the larval data obtained. The use of CDC miniature light traps are
recommended for adult data collections. Traps should be set up both indoors and
outdoors and monitored on a weekly basis.
Larval surveillance training
When starting a surveillance program, it is paramount that the surveillance team be
well trained and appropriately staffed for the community. Larval Surveillance is the
foundation of such a program, and as a result, extensive efforts should be placed on this
training aspect of the program. The skills to identify and locate specific larval habitats,
aggregation points within habitats, and larval specimen identification are to be
described and performed along with a multitude of hands-on field techniques.
Through the implementation of this surveillance program, all areas containing
standing water must be identified, marked, and subsequently sampled for larval
presence. This will allow for the identification of specific habitats at specific points in
time as well as identify the spatial transformation of larval presence over time.
Dipping technique training
Field surveillance training should begin with an emphasis on site identification
and larval dipping technique. Dipping for mosquito larvae using a mosquito dipper is
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one of the most common and effective methods for sampling a larval population from
any number of habitats56. Prior to field training, a classroom session should be conduct
to clearly convey key dipping concepts. To optimize collection numbers, key aspects
such as techniques for minimizing water disturbance during the dipping process should
be discussed33. An emphasis should also be placed on the identification of important
areas located within potential larval sources, such as surface areas containing
vegetation or any number of other protective features33.
After larval dipping theory has been thoroughly deliberated, training should
progress to a hands-on training approach. In this aspect of training, field team members
should physically approach a potential site and quickly analyze it in respect to its
ecological makeup before performing their respective dip. Training should occur
extensively through this field portion until all members show a significant level of
comfort with the entire dipping process. The differentiation of larvae from other aquatic
insects should also be stressed during this training session. Mosquito larvae can be
distinguished by 2 key features not shown in combination in any other aquatic insect:
the absence of legs, and a thorax that is wider than both the head and the abdomen95.
Optimally, commonly misidentified insects such as midge, damsel fly, or may fly larvae
can be obtained and compared visually to known mosquito larval specimens.
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Dipping training and technique should be reemphasized and repeated
throughout the entire training process to instill proper habits before the program
ultimately begins.
Dipping technique training: Papoli
In Papoli, all water-containing areas would be sampled and added to the
surveillance database. As a result, site selection was not emphasized, though techniques
for sampling specific areas within identified sites were emphasized.
Field surveillance training began with an emphasis on the larval dipping
technique. This technique was described and discussed prior to field training, in a
teaching session located at Papoli Pediatric Clinic. This session encompassed all the
planned training for the day and explained the proper techniques as well as the optimal
areas for dipping. Our preferred dipping technique involved lowering the dipper into
the habitat and allowing the surrounding water flow into the dipper. Within water
sources, protective features, such as surface vegetation, emergent vegetation, and
shallow shorelines were prioritized for dipping33. It was emphasized to the team that
mosquito larvae were hiding, not only from us as a surveillance team, but from
predators, so identifying hiding areas would be optimal areas within which to begin
sampling a site. It should be noted that Papoli contains many large sampling habitats
such as rice paddies and extended roadside ditches. Such habitats were instructed to be
sampled at 10m intervals.
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Once the field sampling theory was explained, hands-on field training began.
Standing water sources were extremely scarce at this point as the dry season had been
underway for many weeks. We were led to a local spring located within Pawagwewi A
village, located within Zone B, by a local leader who was familiar with the standing
water within the community.
Training began with a slight introduction to dipping for mosquito larvae and a
demonstration performed by the director of the proper dipping technique. An image of
this training is available in Appendix B: Figure B10. Individually, each member of the
field team performed multiple supervised dips until the technique was well
understood. All members mastered the dipping process quickly. Once satisfied with the
technique, the team was allowed to practice dipping within the remainder of the spring
as a group. No efforts were made to obtain or identify mosquito larvae at this juncture.
Instead proper technique was emphasized. A technique session such as this occurred
for the first few days of training until the technique becomes second nature.
After this practice session, key areas for mosquito larval presence within habitats
were reiterated as the team dipped. Periphery edges and areas containing emergent
vegetation were identified and sampled. The site was deemed to be devoid of larvae
after sufficient sampling, and we shifted our dipping focus to the extended runoff
emanating from this spring.
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This runoff was similarly dipped under the director’s supervision and similarly
deemed devoid of larvae. While dipping, many non-mosquito aquatic insects were
obtained. These were viewed and discussed as a group. Individually, each specimen
was eliminated as mosquito larvae. These specimens were saved and compared to
mosquito larvae at the conclusion of the day’s training to emphasize the difference in
specimens. Allowing the field team to sample and critique non-mosquito samples was
very influential in ensuring proper identification of mosquito larvae later in the training
session.
The surrounding area was surveyed for standing water by the field team and
found to be completely arid. We continued to move within the village, with the help of
community members, until we came upon a local, man-made fish pond. This fishpond
had an extremely low water level and demonstrated shallow shorelines that could
prove productive.
Once again proper technique and key location identification was demonstrated
before the team began their practice dips. Multiple dips were found to be positive for
both Anopheles and Culex larvae. Training continued as the team sampled the large
boundary of the fish pond. At the conclusion of this sampling period, the field team had
a firm grasp on the proper dipping techniques, and how to identify possible habitats.
For data purposes a GPS waypoint was obtained for all habitats visited and an
estimated mosquito larvae count was recorded by genus. It should be noted that this
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Pawagewi A fish pond was later identified as one of the most highly productive dry
season habitats.
Larval sampling training in this same fashion took place daily over the training
period within the different villages of Papoli.
GPS training
This training session is to be dedicated to the basic understanding of the
individual GPS device and the importance of their use within the parameters of the
project. The training will involve all members of the field team and begin in a classroom
setting within which an overview of GPS systems will be discussed. A question and
answer session may be useful, especially if members of the field team are unfamiliar
with the GPS technology.
Once the concept and basic understanding of the device is established a handson training session should occur outdoors. Landmarks should be pre-determined and
all members of the field team should individually move to the landmarks and mark
them accordingly. Once the field team has successfully marked the predetermined
points, they should be allowed to move on their own and mark any waypoints they find
fit. This will allow for enhanced familiarity with the device without the pressure of
finding points of interest. Troubleshooting tasks such as deleting points, or navigating
to key screens can be incorporated once the field team members demonstrate
confidence with the device. A small test incorporating all keep aspects of using the GPS
85

to mark waypoints (satellite linking, navigation, site marking, site deletion) can be
established to ensure complete understanding.
Depending on the technological background of the field team, this GPS training
may take many days before all members feel comfortable with the GPS units.
Additional GPS specific sessions can be performed if needed. However, training should
continue and be incorporated in conjunction with all the other aspects of larval training.
The development of a field-ready GPS reference guide for quick review is
recommended. This guide should specific to the GPS unit being utilized and distributed
to each member of the field team along with all sampling materials. These guides prove
quite useful as reference materials in case questions arise while performing individual
surveillance in the field.
GPS training: Papoli
As a result of the rural nature of Papoli and the general lack of exposure to
remote sensing technologies, the training involving the GPS was the most extensive and
challenging aspect of the training program. Multiple days were devoted exclusively
training of these devices, and field refreshers were employed throughout all other
aspects of the training program.
The day following the dipping training, the team met at the PACODEF
Community Development office for an introduction to the GPS devices. This training
session was dedicated to the basic understanding of the GPS devices and the
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importance of their use within the parameters of the project. The training began with an
overview of GPS systems in general and questions were fielded on the topic. After a
general understanding was established, each member was given a personal GPS system
and taught to use that system alone. Each member of the field team was individually
instructed, step by step, the necessary aspects of their respective GPS device. A fieldready reference guide for quick review was also created for each device and provided to
each field member (Appendix B).
For the majority of the day, the field members practiced using their devices on
the grounds of the Pediatric Center. Each member was instructed to turn on and off the
device, navigate successfully to the point marking page, and to then mark the waypoint
of various predetermined landmarks. This exercise took place until every member was
able to successfully complete these tasks. This exercise was repeated each time the team
met for a training session until the training period ended.
After the conclusion of the field training, and prior to allowing each member to
survey on their own, a final GPS training session was conducted at the Pediatric Center.
The importance of the GPS within the parameters of the project was once again stressed
and all members were encouraged to ask any and all questions in relation to issues with
the GPS. The point-marking exercise was once again performed.
At this juncture in the training, certain members of the field team mastered their
respective GPS systems. As a result, they were employed to better explain the systems
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(in terms and languages better understood) to those in the field team that were still
struggling with their devices. Though different versions of the eTrex device were used,
they all functioned in a fairly similar fashion and understanding one system easily led
to the understanding of another.
Once it was determined that a field team member had a strong grasp of their GPS
device, a small test composed of all the training aspects of marking certain points was
conducted. This test began with the establishment of a well know community
landmark. The field team member had to physically move to that landmark, navigate
the GPS accordingly, and take the point of that landmark without issue. The director
then uploaded to information to be transferred to the ArcGIS software. Once this was
flawlessly completed multiple times, team members were released to survey on their
own.
Due to availability issues, multiple models of Garmin eTrex handheld GPS units
were utilized. Garmin eTrex H, Garmin eTrex Vista, and Garmin eTrex 10 were all
utilized. The field team utilized 3 Garmin eTrex H units and 1 Garmin eTrex 10. The
Garmin eTrex Vista unit was used to geo-locate households surveyed during the adult
mosquito aspect of the research. All models exhibited high sensitivity and were
successfully tested to accurately transmit waypoints within the community. It would be
recommended to use a standardized device model for all team members, as teaching
multiple devices proved time consuming.
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Larval data sheet training
The Larval Habitat Surveillance Data Sheet paints a picture of each habitat
surveyed. This sheet is to be filled out in respect to each larval habitat once the habitat
has been identified, regardless of larval presence. This sheet consists of key information
regarding the habitat characteristics displayed within the community of interest as well
as the status of each habitat in respect to larval productivity. Some common variables
include: habitat type, habitat size, water quality, vegetation type, larval presence, etc.
The recommended structure of this sheet is to allow for predetermined numerical
dummy variables to represent each variable, or to provide boxes that can be checked in
respect to the site’s characteristics. This sheet can be structured to the preference of the
director.
A field-based training session of this sheet is encouraged to ensure
comprehension, and to provide tangible examples of the variables listed. Optimally, a
site positive for mosquito larvae should be pre-identified and utilized for this training
purpose. The field sheet should be explained in great detail upon arrival at the site.
Each variable should be individually explained, and then discussed among team
members in respect to the characteristics of the site.
This training setting is an optimal opportunity to explain how the habitat
identification number (habitat ID) can be generated from the GPS unit, and then
recorded within the sheet. Each waypoint is given a 3 digit number by the GPS unit
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when a waypoint is taken. This number can then be recorded on the field sheet. This
number will later be linked to a specific habitat ID by the director. Further training in
regard to GPS is also recommended at this juncture if needed.
Sampling of the site should occur to generate all larval data for the field sheet.
Dipping techniques can again be practiced. Successful completion of the sheet in this
manner will incorporate all facets of the field surveillance process and provide the first
indication of what is to be expected on a per site basis. Once this training is complete it
is recommended to allow the team to explore, encounter, and record various site types
in an unsupervised manner. A discussion based on this exploration is quite useful and
allows for teaching to occur between field team members.
Larval data sheet training: Papoli
The day following Papoli’s introductory GPS training, the Larval Habitat
Surveillance Data Sheet was incorporated into the training session. This sheet was
adapted based on a similar surveillance program that took place in Dar es Salaam,
Tanzania89. The purpose of this session was to ensure a complete understanding of all
variables contained within this field sheet. This sheet consists of information regarding
each habitat and contained the following variables: habitat identification number,
habitat type, habitat change, presence of water, presence of shade, habitat size, quality
of the water present, depth of the water present, vegetation present, presence of larvae,
presence of pupae, other habitat information, and a section for any additional
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comments. This sheet is filled out by adding a numerical dummy variable for questions
that only have one possible outcome, such as “is the habitat shaded?” In these cases the
number 0 represents yes and 1 represents no.
The sheet also contained additional variables that may result in multiple
outcomes. In such cases these variables are indicated by checking respective boxes. For
example, the habitat vegetation variable can indicate a habitat consisting of both
floating and short vegetation. The respective boxes for short and floating vegetation are
marked, while the long and none vegetation boxes are left unmarked. This combination
can later be converted to a dummy variable by the director for statistical analysis.
Additional habitat information such as exact location of the larvae within a large habitat
or other comments can be written in the habitat information and/or comments boxes.
The Larval Habitat Surveillance Data Sheet used in Papoli and an explanation of all
dummy variables is available in Appendix B.
The team met at a pre-identified site within Zone B to begin the process of field
sheet comprehension and competency. The site was identified and pre-sampled by the
director and known to be highly productive for mosquito larvae. The field sheet was
explained in great detail with examples given in respect to the identified training
habitat. Habitat types were of particular curiosity, as the distinction between holes and
puddles was up for debate. All questions were addressed before the team began to fill
their sheets. The entire team filled out all of the information that could be determined in
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respect to the training habitat. Each field sheet was discussed individually as a group in
an effort to generate consensus on all of the available variables.
This was the first training session in which all aspects of the field surveillance
protocol were performed in unison. Once a keen understanding of the field sheet was
determined by the director, we integrated additional GPS training into the day’s
session. This allowed for continued education on the use of the GPS unit as well as
gave an introduction to the entire habitat marking process in the field. All key aspects of
the GPS training were reiterated. It was then demonstrated how the GPS devices were
to be used to generate habitat identification numbers.
Once all the initial data was filled out appropriately and a habitat identification
number assigned to the site, dipping began. Previous dipping lessons were discussed
prior to initiating dipping, and all members of the field team performed the task
flawlessly.
The site continued to be positive for multiple mosquito genera, and the
remainder of the field sheet was filled out accordingly. The team also recorded the
location within the habitat that larvae was found, and added any additional comments
deemed necessary.
The team then moved to a natural spring-fed agricultural area within Zone B.
The same process was again followed. The area was dipped, and an emphasis was
placed on the proper filling of the form whenever a new habitat was encountered
92

within the spring’s runoff. Animal hoof prints identified on the outskirts of this area
proved to be the most productive, with upwards of 50 Culex larvae per dip. Banana tree
holes also proved to be very productive habitats in this area. All sites, both positive and
negative for larvae, were recorded and discussed thought this training session.
The field team was then dispersed to sample and record without direct
supervision within a large agricultural area. The team reconvened and went over any
issues, questions, and discrepancies that came up during this dipping session. GPS
units continued to be used during this aspect of the training.
At the conclusion of the day’s training, daily field sheets and GPS units were
obtained by the program director from each field team member in relation to their daily
habitat and larval findings. This was then added to the database by the director. At the
conclusion of the day’s session, all the essential skills had been introduced and
practiced.
Field mosquito genera identification
Identification of larvae obtained through field surveillance is not essential to all
surveillance programs. Specific disease reduction programs, or programs targeting a
significant nuisance genus may benefit from sorting specimens to the genus level while
in the field. Genera identification training can occur during other aspects of training, or
in a stand-alone manner.
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Optimally training for this facet will involve both a classroom and field setting. It
is preferred that a variance of genera as well as commonly misidentified aquatic insects,
be pre-sampled and brought into the classroom. These specimens can be placed
together in a small container and each explained separately in an initial classroom
teaching session. The skills obtained in this session can then be put into practice in a
field-based sampling session. During this session, habitats will be sampled and
subsequent larvae and insects will be discussed and ultimately identified.
The alternative option is to provide this training as specimens are obtained
through other aspects of field surveillance training. This decision should be made by
the director in respect to time, cost, resources, etc.
It takes extensive expertise identify a larval specimen to the species level without
a microscope; however after training, identification to the genus level is quite attainable.
The first step is to categorize each specimen into Anopheline or Culicine groups.
Morphologically Anopheline mosquito larva have palmate hairs and no siphon while
Culicine larva are the reverse, with no palmate hairs, but do contain a siphon95. Palmate
hairs cannot be easily distinguished using the naked eye, but the siphon can be easily
located. This siphon will serve as the best and efficient form of field based larval
identification.
Mosquitoes of the Anopheles, Aedes, and Culex genera are the predominant
vectors of human disease. These 3 genera can be easily identified by field workers if the
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study protocol deems this necessary. The majority of mosquito larvae utilize a siphon
for respiration at the water’s surface33. Anopheles larvae, however, do not. Mosquitoes of
this genus can be easily identified in the field from their obvious lack of siphon and
their subsequent respiration behavior of floating on the surface of the water96, 97.
Both Culex and Aedes larvae contain a siphon, and therefore do not need to rest
parallel to the surface of the water. Instead these genera hang down at an angle of
approximately 45 degrees. To distinguish between these two genera the siphon
specifically should be analyzed. Culex larvae demonstrate a longer and more slender
siphon (4-10x in length as the basal width) when compared to Aedes specimens, which
characteristically are more short and stout95. These dynamics do fluctuate within species
of each genus, but for general field surveillance identification this is a suitable guide to
follow.
Key identifiers for additional mosquito genera of interest can be located in the
Workbook on the Identification of Mosquito Larvae by Harry Pratt95 along with a variety of
other widely available entomological resources.
Field mosquito genera identification: Papoli
Field identification of larval genus was not initially an aspect of the field team’s
duties in the original Papoli protocol. However, interest was extremely high within the
field team on the development of this skill. Based on this interest and enthusiasm, a
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basic identification course was developed during the classroom session following our
dip training.
All specimens obtained during the dipping session were utilized for this training
session. The initial training step was to compare collected mosquito larvae to that of
non-mosquito aquatic insects to re-emphasize their differences. Once these other insects
were able to be distinguished from mosquito larvae, we began the mosquito genus
identification session. Anopheles and Culex mosquito larvae were then shown side by
side in a porcelain pan where both genera could be easily distinguished. (Appendix B:
Figure B11).
Anopheles mosquitoes can be easily identified by their lack of siphon, which is
utilized by other genera for respiration. As a result, these larvae must rest parallel to the
surface of the water. This flat lying style of breathing is a key indicator of an Anopheles
specimen. This characteristic was utilized to quickly train the field team on how to
quickly identify an Anopheles specimen in the field. In an effort to not hinder
surveillance, identification for other mosquito genera was not stressed to the field team.
Instead, the director conducted this identification at the end of the sampling day.
For the purposes of training, we did not refer to the mosquitoes by their
taxonomic nomenclature. Instead, Anopheles mosquitoes were referred to as malaria
mosquitoes, while Culex and other mosquito genera were referred to as ‘disturbing’
mosquitoes. Referring to the mosquitoes in this way was not only easier to understand
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for the field team members, but also allowed for this information to be easily
disseminated from the field team to their fellow community members. An image of the
teaching material given to the field team is shown in in Appendix B: Figure B9.
Cumulative training by zone
The next phase in the training of fieldworkers is to incorporate all the facets
learned in each individual training session and begin supervised surveillance. This is
best done by moving as a group to each member’s zone and performing all surveillance
tasks in a cumulative fashion by zone. The idea is to simulate the daily duties of a field
team member within the surveillance program, but with the oversight of the director
and assistance from fellow field team members to address the various questions and
issues that inevitably arise. Dipping, proper site identification, field sheet data entry,
and GPS function should be emphasized during this training week. Training should
continue in this fashion until all zones are complete and the field team is comfortable
with the entire surveillance process.
Cumulative training by zone: Papoli
Cumulative training in Papoli consisted of 4 complete days of training and began
at the onset of the second week of training. The field team trained as a group, under the
guise of the director, to enhance their newly developed skills and to increase comfort
with the GPS devices. All previously covered aspects of training were combined in a
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fashion that mimicked what was to be expected individually of each team member on a
weekly basis.
Zones A, C, D were sampled as a team, effectively encompassing all 4 project
sampling zones during the training period (Zone B was extensively covered during the
previous week’s training sessions). When applicable, short training sessions occurred in
relation to the particular aspect of training involved. Reiterations of key information in
respect to dipping, identification, GPS functioning, and data sheet specifics were all
accomplished at some point during these sessions.
Training for the first day of Week 2 began in Zone D in the village of Osia, where
field team member Miriam is a community leader. We began to survey the area as team
and were eventually led to a natural spring well. This well, as well as its runoff, was
sampled and documented, but produced no larvae. We continued moving throughout
the zone until we encountered an agriculture area dominated by a large rice paddy on
the southeastern end of the zone. This paddy produced numerous larval habitats
positive for Anopheles as well as other local genera. The paddy stretched for hundreds of
meters and was comprised of multiple plots. We sampled this area, as well as the
surrounding marshy environment, and located a number habitats and positive larval
samples. This rice paddy was identified as an additional highly productive area during
these dry months.
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Training continued into day 2 for Zone D. This time, the village of Pakamalung A
was surveyed. This continued in the team-based fashion and surveillance once again
detected a natural spring well. The well runoff demonstrated features of prime
oviposition habitat, but extensive dipping proved otherwise. This fact was noted. After
extensive sampling and surveillance, the zone’s rice paddies were once again the most
prolific producer of potential habitats and mosquito larvae.
Training for Week 2: Day 3 began in Zone C in the village of Magoro B where
field team member Ogola is a community leader. We surveyed the area as a team and
the zone proved to be uncharacteristically dry when compared to Zones B and D. Ogola
led us to the southernmost end of Papoli where a small swamp fed by a spring was
located. Here we encountered our first habitats as well as a limited number of larvae.
Anopheles larvae were however present in this location. In response to the lack of
habitats within the zone, time was taken to reemphasize key aspects of the GPS system
and the field sheet. Runoff from the community borehole was the only potential habitat
identified; however no larvae were present.
The final day of comprehensive group training began in Zone D in the village of
Malawa A, where field team member Lillian is a community leader. Once again we
were led to a natural spring. This spring had extensive run off teeming with frogs and
tadpoles. No mosquitoes were present, most likely due to predation. This information
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was relayed as important and suggested to be added in the comment section of the field
sheet.
The village borehole was later identified, and its runoff looked to be a prime
habitat. The presence of shallow pools in direct sunlight was reiterated as prime
Anopheles larval habitat38. This proved to be true as many Anopheles larvae were
discovered during the subsequent dips. The team then moved to a man-made grouping
of fish ponds. These ponds were deep and filled with tilapia as well as small sardine
like fish known locally as silver fish. These silver fish are common sources of nutrition
in the lower income populations of East Africa and are often referred to by local names
such as Mukene or Omena98. Only a few regions within these ponds were promising for
possible larvae habitation. The identification of these areas was discussed before being
sampled. Sampling did not yield larvae with predation once again being the most likely
factor. A final GPS and field sheet session occurred after the conclusion of the day’s
sampling. This week was shortened due to Easter celebrations, though this did not
impact the ability to successfully complete this facet of training.
Zone Boundary Training
The cumulative training sessions ended the true training aspect of a program,
but the training itself should not cease. Prior to beginning the full project each member
should be taken on what is referred to a ‘boundary training session’. Each team
member’s understanding of their zonal boundary as well as that of their neighboring
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team member is essential. This aspect of the training should not be overlooked as it is
instrumental in the prevention of sampling area overlap. This in turn eliminates
sampling and mapping issues over habitats occurring along zonal boundaries. No
surveillance techniques should be conducted during this session. Instead, the entire
boundary should be traversed and key landmarks identified, discussed and recorded.
The techniques used in this training are very simple. The entire boundary of the
surveillance zone is physically traversed and all important information regarding
borders is recorded. Developing an easy to carry map prior to this training is
recommended because it allows field team members to make notes in spatially
appropriate areas and refer to them during future sampling.
Zone Boundary Training: Papoli
Zonal training in Papoli began with hand drawn maps of each zone. This became
a community project as all maps were crafted with the help of local leaders, PACODEF
members, and the field-team themselves. These maps were given to the field team to be
carried along with their field sheets, reference sheets, and other essential sampling
materials. Once the basic geography of each boundary was understood, hands-on
training began. This training consisted of physically walking or riding bicycles along
the respective boundary of each member. Key landmarks or border delineators (roads,
buildings, property lines, etc.) were recorded by the field team member until a complete
understanding of the boundary was established.
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When assigning field team members to their respective zones, a priority was
placed on linking field team members with the area in which they resided. This proved
very beneficial during the zonal boundary process as knowledge of property lines and
other key features of the area were intimately known. This training proved essential in
maximizing surveillance time and resources.
Final Training Meeting
A meeting should be established at the conclusion of all training facets. This
meeting will provide a good time to debrief and discuss all that is to be expected in the
coming surveillance project. Many logistical aspects such as time frame, sampling area
expected per day, or additional field team needs should all be discussed. Any
unresolved discrepancies or issues from the training sessions should also be addressed
within the structure of this meeting.
Depending on the construction of the project, all materials can be dispersed at
this point. Materials can also be kept at a base office and be dispersed on a daily basis if
this is the director’s preference, or if it makes more logistical sense. The meeting should
be upbeat and encouraging and serves as an optimal moment to set the tone for a
successful surveillance project.
Final Training Meeting: Papoli
The final training meeting in Papoli was held at the Community Development
office of PACODEF. This meeting was very informal and involved a short question102

and-answer session from the field team before the time frame for the project was
provided. All materials were then distributed to the field team and the structure of the
program also explained. All questions were addressed throughout the process of this
meeting. Materials for each field team member included a field bag, rubber wading
boots, a clipboard, multiple Larval Habitat Surveillance Data Sheets, GPS unit, pens,
multiple whirl bags, fine mesh strainer, and a pipette.
It was determined that within a 5 day time frame all areas contained within each
members zones should be surveyed. Field team members would set out at 8:00am and
return by 3:00pm. Members would return their GPS and field sheets along with larval
samples from all positive sites. Samples are to be contained in marked whirl bags
representing site’s respective GPS ID number. The director would then remove all
larval samples and set aside for identification. All GPS data would then be uploaded
from the GPS unit into the computer database, and from there, uploaded into the
ArcGIS software for analysis. All completed field data sheets would be obtained and
manually entered into an excel spreadsheet set up for each individual zone. The field
team member would then be given back all materials.
Zones were structured so the field team members sampled zones within which
they lived. This allowed for an enhanced familiarity with the terrain as well as increased
acceptance from community members. As a result, field team members brought all
materials home each night to reduce daily travel time to and from the main office.
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It was also determined at this meeting that during the first week of surveillance
the director would accompany each member of the field team at least once to provide
one on one instruction as well as to gain a true idea of their skill. The meeting
concluded with a meal and a positive outlook for the project to come.
Adult surveillance training
The incorporation of adult mosquito surveillance is recommended, though not
necessary for a successful surveillance program. Adult mosquito counts serve as a
supplementary data source to the larval counts driving the program as well as allow for
the comparison of larval productivity with that of adults.
There are multiple techniques utilized to perform adult surveillance though CDC
miniature light traps are the preferred method for this project22, 56. CDC light traps
placed outdoors, as well as indoors, will allow for a record of the adult flying
population during the dusk to dawn hours. Although few species of mosquitoes rest
indoors, those that do are often vectors of disease making this an essential form of
surveillance, especially in disease specific programs56. Generating the adult population
of a community will benefit any surveillance program by providing valuable
information about the mosquito population interacting with the community at a given
point in time.
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Comprehensive adult training
Training for adult surveillance should be done at the conclusion of the larval
surveillance training. Techniques such as GPS manipulation and field sheet proficiency
will already be learned and will allow for a more complete understanding of its
incorporation. The technical trapping in adult surveillance is much simpler and less
intensive when compared to larval sampling. As a result, if proper foundational skills
are mastered this training can be accomplished in a single comprehensive training
session. It is recommended to have one field team member dedicated to adult
surveillance. This allows for uniformity as well as reduces training time.
This initial aspect of the training consists of ensuring proper construction of the
CDC miniature light traps. Training should begin with a demonstration of the light trap
and background information on why it is being used within the program. The trap
should then be assembled in 3 quick steps: securing the rain guard to the motor body,
attaching the collection net, and properly connecting the power to the provided 6-volt
battery. The trap can then be disassembled in the reverse order. Once this visual is
established the field team can begin to replicate the assembly and disassembly process.
This should be completed several times until the skill is established.
Once the set-up process is mastered, the skill of removing the collection net is
practiced. A flawed removal of the net can result in the escape of multiple mosquito
specimens. There is no optimal technique, though giving the bag a few slaps at its
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highest point to drive specimens downward before rapidly removing the bag and
sealing it is the technique often utilized. This rapid removal and sealing of the bag is
practiced multiple times until the bag is closed rapidly and without hesitation for
consecutive attempts. Once this skill is mastered, the technical portion of adult
surveillance training is complete.
The next step is to discuss the filling out of the Indoor Adult Surveillance Data
Sheet that will accompany all indoor light traps. This sheet provides information on
multiple key variables in respect to each house (size, material, occupancy, etc.) that may
influence its indoor mosquito population. All aspects of the field guide can be obtained
visually or through talking with the household occupants. House size can be estimated
or physically measured used meaning tape. To provide confirmation of the
understanding of these concepts, a supervised adult surveillance test should occur, in
which a household is visited, light traps assembled, and all variables recorded.
Once all aspects of the adult surveillance process are complete, a discussion
regarding protocol should occur. The amount of traps required, time at which they
should be set/retrieved, frequency of trapping, and locations of traps should all be
discussed. The protocol will vary in respect to the budget, goal, and direction of the
project and should be generated by the program director.
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Comprehensive adult training: Papoli
Adult training surveillance in Papoli took place over one day at the end of the
training period. The initial plan for adult surveillance was to have each field team
member set up and take down CDC miniature light traps within their respective zones
once a week. However, a local community leader and supervisor of the PACODEF
volunteer group offered his services pro-bono to the project. This 5th team member took
over the responsibility of the adult trapping. The addition of this adult surveillance
specific member proved to significantly enhance the research, and streamline the
training process. This allowed for the remainder of the surveillance team members to
focus their time and energy on the larval surveillance process, both during training and
in the field. The entire training process was also expedited significantly as only this field
team member needed training in adult surveillance. Additionally, this member was able
to spend more time explaining the research to the homeowners themselves, allowing for
enhanced community acceptance and buy-in. This aspect was invaluable because
within this culture entering the homes and bedrooms of community members was
taken very seriously. The fact that our field team member was a respected community
elder who knew virtually each family within the entire parish should not be
overlooked, and proved essential in the flawless execution of the indoor adult portion
of this research. A similar figure of high community standing is recommended for the
implementation of future projects.
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The training began directly after the conclusion of the final GPS training.
Training consisted mainly of setting up, collecting, and taking down the CDC miniature
light trap, and proper bag removal technique. This was a fairly easy concept for our
team member to grasp, and for that reason training only took one day to establish
proficiency.
The next step involved the introduction of an Indoor Adult Surveillance Data
Sheet for recording variables specific to the indoor sampled households (Appendix B).
The field team member was already proficient in filling out the larval version of this
form as well as with the GPS unit needed to geo-locate habitats. As a result, each
variable was discussed and comprehension was easily obtained. A test was conducted
using a nearby structure and the sheet was filled out flawlessly.
The only remaining aspect of the training was to discuss the logistics of the
project. Each night one indoor trap and 2 outdoor traps were to be set in a single zone.
The indoor trap would rotate to a different a household during each sampling session,
while the outdoor traps remained stagnant for the entire study period. Traps would be
set at approximately 6:00pm and collected at approximately 8:00am before being
returned to the director for analysis. The adult surveillance schedule was organized as
follows: Monday in Zone A, Tuesday in Zone B, Wednesday in Zone C, and Thursday
in Zone D. Surveying one zone per day allowed sufficient time for recharging the
necessary light trap batteries and for timely processing of the adult mosquito catch from
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the previous day. An Outdoor Adult Surveillance Field Guide and an Outdoor Adult
Mosquito Surveillance Schedule was provided for use in the field in case future
questions arose (Appendix B). During the first week of sampling the director
accompanied the field team member to each outdoor and indoor site to ensure proper
techniques and to answer any questions in regards to the sampling or the field sheet.
Due to his high standing in the community, the adult surveillance field team
member also served as the manager for the entire field team. He met with the director
on a daily basis throughout the project to discuss this ongoing research and how to best
enhance it. The majority of small daily issues at the field team level were handled
through this member. This community status and knowledge allowed him to excel in
this capacity.
Community leader training
It is good practice to conduct a meeting with the community and its leaders prior
to implementation. This meeting allows for further information about the project to be
extended to these community members, and often enhances the acceptance from the
community as a whole. Additionally, valuable information about a community is held
by those that reside within it, and oftentimes is discovered during meetings such as this.
It is recommended that the director briefly introduce the surveillance program
before turning over the meeting to the field team members themselves. The field team
will explain the surveillance process and methods in a manner best understood by all
109

community members. Conducting the meeting in this fashion associates familiar faces
with the project and facilitates a more in depth discussion, as community members are
now speaking among themselves, and not to an outsider. The director can make small
additions, but for the most part should listen and notate key information and concerns.
A portion of the meeting should be allocated for community leaders to speak. These
leaders will have accepted the project already and their support will further enhance
the success of the program. The meeting should conclude with a question and answer
session to address all remaining questions and followed by a brief closing from the
director, field team, and community leaders.
Community leader training: Papoli
A separate meeting with the local leaders of Papoli occurred approximately one
week after the initial meeting with the field team. This meeting began with a brief
project introduction and was further conducted as an informational question and
answer session for local leaders. Multiple members of the field team were also
community leaders and were able to further describe the project and its progression in a
local manner. Local leaders were encouraged to disseminate the information to their
respective communities and to assist the field workers in locating water bodies and
other habitats of interest. This meeting took place at the centrally located Robert Cooley
Pediatric Center and did not include any hands-on surveillance training.
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Database Management
The multifaceted approach of this surveillance program will result in the
development of multiple Excel files for the storage and analyses. Individual Excel
database files will be generated containing environmental data, larval surveillance data,
and adult surveillance data. For the purposes of clarity, these Excel database files will
be referred to as Environmental Data, Larval Surveillance Data, and Adult Surveillance
Data. These will be was analyzed separately and used to enhance the overall
comprehensiveness of the research. Daily environmental data will be added to the daily
data points for both larval and adult surveillance data. All Excel files will be joined to
their corresponding spatial data points within the ArcMap software and analyzed
statistically as well as spatially over time.
This techniques described in this section are the exact same techniques and
processing utilized in the Papoli surveillance program. To prevent redundancy, specific
examples will be given only if they are determined to enhance understanding.
Environmental data
An Environmental Data Excel database that includes rainfall (mm), average
humidity (%), and maximum temperature in Celsius (C) should updated each day in an
Excel database. Environmental data should also be arranged in a monthly and weekly
fashion based on the daily readings to display broader trends. For these time periods
the following data points should be generated and added to the Excel database: average
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rainfall per day (mm), total rainfall per week (mm), total rainfall per month, daily
average humidity (%), and daily maximum temperature (C). All environmental data
will be analyzed in conjunction with all data generated from field surveillance to
demonstrate the impact of environmental conditions on the distribution of larval
habitats.
Larval surveillance data
Each evening all field team members will return their daily Larval Habitat
Surveillance Data Sheet, as well as all positive larval samples, to the director.
Individually, for each habitat, the director, or qualified team member, will count and
identify all larvae to genus before recording the daily larval count variables. Data
should be added to the Larval Surveillance Data Excel database in the exact habitat
order as referenced by the waypoints within the GPS unit. This allows for the Excel
database to easily matchup with the GPS waypoints when spatially modeled using the
ArcGIS software. This database should be updated in response to the daily larval
surveillance data on a daily basis.
Larval count variables should be based on the number, stage, and genus of the
larvae presented. An enamel pan; or, at times, a microscope, is useful to distinguish
larva to the genus level if any question arose. The count variables of interest will vary
depending on location and the scope of the surveillance project and are up to the
discretion of the program director. Examples are provided from the surveillance project
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in Papoli: total larvae, total Anopheles larva, total Culex larvae, total Aedes larvae, total
other genera larvae, total early stage larvae, total late stage larvae, total early stage
Anopheles larvae, total late stage Anopheles larvae, total early stage Culex larvae, total late
stage Culex larvae, total early stage Aedes larvae, total late stage Aedes larvae, total early
stage other genera larvae, total late stage other genera larvae, total pupae, and total 4th
stage larvae/pupae present. Once generated, these variables will be added to the Larval
Surveillance Data Excel database in conjunction to the habitat in which they were
obtained.
A site_genera variable column should also be present in the Larval Surveillance
Data Excel database for all sites. This variable does not indicate count; it instead
establishes the various genera present in all positive sites in the form of a numerical
dummy variable. Each genera is given provided a number for which it represents
(Anopheles = 1, Culex = 2, Aedes = 3, etc.). These numbers are then added from the lowest
to highest linked to their respective habitats within the site_genera column to indicate
all genera present within the same site. For example, a site containing only Anopheles is
recorded as 1, an additional site containing only Culex is recorded as 2, and a third site
containing both genera is recorded as 12. If no larvae are present then 0 is the assigned
dummy variable. The dummy variable outline used to distinguish these genera in
Papoli can be found in Appendix B.
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The remainder of the Larval Surveillance Data Excel database is composed of all
variables listed on the Larval Habitat Surveillance Data Sheet as well as the date of
surveillance, the zone surveyed, the GPS identification number, and the habitat
identification number.
Once all positive larval specimens have been identified and the Larval Habitat
Surveillance Data Sheet obtained, the director is to enter this data by habitat into each
respective column within the Larval Surveillance Data Excel database. The only
exception is the habitat identification number variable. This identification number
should be left blank at this juncture as it will be determined during daily the mapping
process. Due to the longitudinal nature of the surveillance program, the same habitat
will be surveyed on multiple occasions. Since this habitat identification number must
remain constant throughout the entire process, the GPS identification number cannot be
utilized to distinguish a site beyond the site’s initial visit.
Adult surveillance data
Adult mosquito surveillance is conducted through the use of CDC miniature
light traps, set both indoors and outdoors each evening. The following morning a field
team member will collect the light trap and return the trap, batteries, collected
specimens, GPS, and the Indoor Adult Surveillance Data Sheet to the director. Upon
receipt, samples will be separated by trap location and identified to the genus or species
level. This data will be recorded in the Adult Surveillance Data Excel database and a
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separate Indoor Adult Surveillance Data Excel database. Additional databases for
outdoor surveillance data or specific species surveillance data can be created from the
Adult Surveillance Data Excel database if the surveillance protocol specifies their need.
Indoor adult surveillance data
Indoor surveillance data contains the counts of all adult mosquito specimens
obtained exclusively through the indoor surveillance process, along with the data
points generated from the Indoor Adult Surveillance Data Sheet. This data is stored
within a separate database due to the key household variables acquired from the
households within which the specimens were obtained.
Once collected, data should be input by habitat ID into the Indoor Adult
Surveillance Data Excel database. Date, GPS number, habitat ID, and all household
variables generated from the Indoor Adult Surveillance Data Sheet should compose this
Indoor Adult Surveillance Data Excel database. Examples of variables to include are
provided from the surveillance project in Papoli: number sleeping within the
household, number of adults, number of children, number of adult men, number of
adult women, number of homes within the compound, number of plants within the
home, number of water storage containers within the household, the presence of a bed
net, size of the home, material used for house construction, roof type, and use of any
sort mosquito repellant techniques. It should be noted that each qualitative variable
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within this sheet should be given a respective numeric dummy variable for analysis
before being added to the Excel database.
Due to the low count of indoor traps relative to potential larval habitats, the
habitat identification number for these indoor sites can be developed prior to data
entry. Indoor sites should be identified by zone, location (indoor/outdoor) and site
number. Site number is determined by the order of sampling, and ascends from 1.
Indoor location is indicated by I, as opposed to O for an outdoor site. For example, the
first indoor sampling site utilized in zone A should be identified as AI_001. This
identifier now serves as the habitat identification number (habitat ID). This habitat ID
distinguishes each individual location, and can be utilized during statistical and spatial
analysis. The date of surveillance can also be added to the habitat ID to distinguish a
time frame. In this instance, our example on January 1, 2016, would be identified as
AI_001_01_01_2016. However, using a date column in the Excel database can remove
the need for the addition of the date in the habitat ID. This decision is ultimately up to
the project director.
Once established, this database of information can be analyzed to gain a better
understanding of the variables that may influence the indoor mosquito population of
the community of interest.
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Total adult surveillance data
The Adult Surveillance Data Excel database compiles all accumulated adult
surveillance data regardless of where it was acquired. This allows for the entire
sampled adult population or even specific species to be quickly identified and observed
over the study period. With the exception of the date, habitat ID, and the GPS number
this data sheet should be composed entirely of count variables related to the genus or
species identified through surveillance. The habitat ID creation process is the same
process described in the indoor surveillance section. The only amendment is to add O
where I was located in the indoor Habitat ID. Outdoor Trap 1 in zone A is labeled
AO_001, as compared to AI_001.
The indoor portion of this Total Adult Surveillance Data Excel database can be
directly transferred from the Indoor Adult Surveillance Data Excel database. All indoor
adult genus/species count data along with date, habitat ID, and the GPS number should
be copied and placed within the next available cell.
Outdoor data is added to this Excel database in the same fashion as the indoor
data. Adult mosquito counts, by habitat ID, should be added to the Excel database by
genus or species after the generation of all relevant data via specimen identification.
There is no surveillance sheet associated with the outdoor portion of adult surveillance,
so no additional information is needed in the Adult Surveillance Data Excel database
beyond the mosquito counts and site identifiers.
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If the surveillance protocol calls for the separation of indoor and outdoor data,
this can be done within the same Excel database using the tab feature. However, the
combination of both locations should be displayed on the default tab.

Habitat Mapping
Habitat mapping techniques allow for all data collected to be mapped spatially
in real time. This is invaluable to a mosquito surveillance program as it allows
productivity to be monitored based on any spatial component of the surveillance area.
Potent areas or habitats can be quickly identified visually, allowing for a more rapid
response as well as long term analysis of areas of interest.
The process described in this section should take place each day, with each
utilized GPS unit, for both the larval and adult surveillance aspects of the research. Data
should be analyzed separately for larval and adult surveillance with all data separated
into distinct file folders by life stage to avoid site confusion.
GPS data upload
When a field team member identifies a potential habitat, the GPS unit is utilized
to obtain the exact location via a waypoint. At the end of each surveillance day, the GPS
unit is returned to the director for uploading. A USB cable or necessary converter cable
is connected to the GPS and then to the director’s computer to allow for data upload.
The daily .gpx file can be obtained through the GPS unit’s interface and copied into the
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computer’s hard drive. The recommended method, however, is to utilize free,
downloadable EasyGPS software. This software allows for the Windows operating
system to communicate with a handheld GPS unit. The advantage of EasyGPS is its
spatial representation of the GPS unit’s .gpx files. Once uploaded to the software, all
waypoints are visually represented by their respective GPS number. These files should
be saved to the hard drive through the EasyGPS software and named in respect to date
and zone. For example, the waypoints generated for Zone A on January 1, 2016 would
be named A_01_01_2016.
This same process should be utilized for mapping adult surveillance locations.
The software is functional on Macintosh computers via the use of a Windows emulator.
File conversion and display
Once acquired, each .gpx waypoint file needs to be converted in order to be
properly displayed within ArcGIS software. ArcGIS utilizes .kml files as an alternative
to .gpx files. Gpx files are the storage files associated with handheld GPS units, while
.kml files function as presentation files, and not as a form of storage. To convert these
files, appropriate software should be obtained. The free GPX2KML application from
Binary Earth Software is recommended. This can be located on the Binary Earth
Software website.
To perform this conversion, the GPX2KML application is opened and the .gpx
file simply uploaded into the converter and converted to a .kml file. These files should
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be saved under the same name as their original .gpx files in a separate folder.
Separating these folders serves as a form of data backup, in the event any files are lost
or corrupted. Once converted to .kml files, waypoints can be converted to layer (.lyr)
files within ArcMap, the central application within the ArcGIS software. This process is
accomplished using the KML to Layer Conversion tool. This tool allows for the
conversion of a .kml file into a feature class and a layer file that can be manipulated
within ArcMap79. The Environmental Systems Research Institute (ESRI) describes
feature classes as homogeneous collections of common features, each having the same
spatial representation, such as points, lines, or polygons99. For the purposes of mosquito
surveillance, feature classes will be represented by points. These points represent the
exact geolocation of each habitat obtained via the GPS unit. Layer files are a reference to
the data itself, storing the symbology and other layer properties of the data that are
viewed100. These files are crucial to building models within ArcGIS.
The KML to Layer Conversion tool can be located in ArcToolbox, within
Conversion Tools, under the From KML option. The new layer should be saved within
a specified folder within ArcGIS. It is recommended that a folder be created for each
week and the newly converted layer file be added and named accordingly by date and
zone on a daily basis.
To gain a spatial understanding of the newly created layer, our basemap must
first be brought into the ArcMap data frame within ArcGIS software. This basemap is
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the .tiff raster image of the surveillance area generated previously. To access this image,
ArcCatalog should be accessed through ArcMap. The Connect to Folder icon should be
selected, followed by the appropriate folder. This image can then be accessed and
brought into the ArcMap dataframe. These layer files can now overlay the basemap
image and spatially display the location of each habitat accurately. Daily habitat
locations can be easily monitored in this fashion.
Layer merge
At the end of each week, a layer converted from each day’s .kml file will exist
within the specified folder for each zone. To display a weekly dataset, all daily layers
for the week must be merged. The Merge tool within the ArcGIS software is necessary
to accomplish this task. This tool allows for the combination of multiple datasets of the
same data type and produces a single, new, output dataset5. The data from each zone
should be merged separately before combining all zones in the same fashion for the
week. This allows for easier analysis of individual zones.
The Merge tool is located in ArcToolbox, under Data Management Tools, within
the General tool. All layer files for the week are added individually by zone as the Input
Datasets. A new folder named for the respective week (Week 1 for the first week of
sampling) is created in ArcCatalog. The respective week’s folder is selected as the
Output Dataset. The file is named for the zone and week (Ex: Week 1 in Zone A:
A_Wk1) before running the tool.
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A new shapefile containing all the zone’s weekly waypoints is now created
within the weekly folder and named for the zone and week (Ex: A_Wk1). This process
is repeated for each zone within the program until all zones have their own weekly
shapefile created. Merging each zone individually is extremely useful when analyzing
each zone individually over the period of the study.
The final step in the merging process is to create a merged shapefile of all
surveillance zones, thus creating a weekly habitat shapefile. The same merge process
previously described is followed, although the Input Datasets are now the newly
created zone shapefiles for the week (Ex: A_Wk1, B_Wk1, etc.). The Output Dataset is
placed in a newly created folder from ArcCatalog entitled Complete Weekly Habitats,
and named ALL_respective week (Ex: Week 1: ALL_Wk1). A shapefile spatially
representing all surveyed habitats encompassing the entire surveillance zone for the
week is now created.
Data join
The next step in the remote sensing process is to link all accumulated data
associated with each habitat to its spatially represented layer within ArcMap. Each
descriptive variable for the habitats associated with the contents of these these layers
can then be analyzed or visualized on this spatial platform.
For each day of surveillance, we updated Excel databases (Environmental Data,
Larval Surveillance Data, Adult Surveillance Data, and Indoor Adult Surveillance Data)
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with descriptive variables of all sites encountered. In order to display this data visually
within ArcMap, this data must be joined to the respective geographical waypoint from
which it was derived.
The first step in this process was to create a new folder within ArcCatalog,
named Excel Joins. All created Excel databases should be saved as a .csv file of the same
name within this folder. These .csv files store data in a plain text format which is
required for joining to the shapefiles within ArcMap.
Merged shapefiles, such as those we recently created, contain a column in their
attribute table labeled FID that serves as an identifier name for components of the
shapefile. Based on the construction of our surveillance shapefiles, these components
represent each surveyed habitat point in the order of which they were obtained via GPS
unit. This identifier begins at 0 and increases numerically until all components
(habitats) are accounted for. This FID column will serve as our joining field.
To properly join the Excel database with this FID field, the same column needs to
be present within the Excel file. To accomplish this, the newly created .csv Excel
database file must be opened. The first column in the file should be selected and a new
column inserted to the left of the selected column. This column should then be entitled
FID.
The first referenced habitat in the FID column within the Excel database should
be numbered 0 (mimicking the first habitat in the FID field of the merged shapefile).
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The following habitats within this column of the Excel database should increase
numerically from 0 until all habitats are accounted for. The .csv file should be saved
after this column addition within the same Excel Joins folder.
This step highlights the importance of adding habitat data to the Excel database
in the exact order in which it was obtained and displayed within the GPS of each field
team member. Managing the database in this fashion allows the FID number within the
Excel file to correspond exactly to the FID number displayed spatially within the
shapefile in ArcMap. This alignment allows for a flawless join of data to shapefile.
The shapefile of interest and the corresponding .csv file must be added to the
table of contents within the ArcMap interface before the join can occur. Once added, the
shapefile within the table of contents is right-clicked and Joins and Relates selected from
the dropdown menu. Join is then selected, revealing a Join Data window. Within this
window, Join Attributes from a Table is selected to join the layer. FID is then selected as
the field from which the join will be based. This is why the FID from the shapefile and
the Excel database must match perfectly. The corresponding .csv file is then chosen as
the table to join to the layer. Keep All Records is selected under Join Options before
selecting OK and allowing the join to occur.
Once this join has executed all the data from the .csv Excel file will be matched
up perfectly to the corresponding point within the shapefile’s attribute table. This data
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can then be used to model spatially and temporally any aspect of the data obtained
from the field team.
Habitat distinction
Identifying the development of new habitats, as well as the productivity of long
term habitats, is essential to the temporal aspect of a surveillance program. To
accomplish this, habitats must be identified and categorized as new or established by
the field team as they work. New habitats must be given an identifier and plotted
spatially while established habitats have to be confirmed to ensure the integrity of the
data. As a result, at the conclusion of each surveillance day each waypoint, within each
zone, must be analyzed in relation to those collected in previous weeks.
The first time a habitat is sampled, the GPS identification number is converted to
a habitat ID that displays the zone and number of the habitat. For example, the first
habitat sampled in zone A is given the habitat identification number A_001, once the
first week of sampling is complete all habitats will have received a unique habitat ID.
Initially each site is given a GPS identification number that corresponds to the
number generated by the GPS unit. This number however, is not necessarily the habitat
ID, as surveillance is longitudinal and there are multiple zones involved. The same site
may be sampled multiple times over the surveillance period and cannot be given
multiple habitat IDs. GPS numbers will ascend with each sample, so a method to
convert the GPS number to the proper habitat ID after the initial visit must be utilized.
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The habitat distinction process is built upon accumulation of habitats into new
shapefiles over time. Accumulated habitats are stored in shapefiles labeled Historical_1,
Historical 2, etc. based on every sampled habitat from the entire program including the
latest week contained. It should be noted that the Historical_1 shapefile is the same as
ALL_Wk1 shapefile as at that point the only available waypoints were from the first
week of surveillance. The combination of ALL_Wk1 and ALL_Wk2 will result in the
Historical_2. This is done using the merge process previously described. Historical_3 is
created from the Historical_2 shapefile and ALL_Wk3, Historical_4 from Historical_3
and ALL WK4, and so on. This same process occurs for the entire duration of the
program. In the same fashion, .csv files should be combined into newly created
Historical.csv files, so the Excel databases match up with the newly created shapefiles.
The utilization of these Historical shapefiles and Historical .csv files to distinguish
habitat identification numbers (habitat ID) is described in the following paragraphs.
The creation of Historical_2 will be used to demonstrate the new habitat
identification process. All shapefiles are to be removed from the basemap before the
shapefile containing all previous waypoints (Historical_1) is added to the basemap. The
corresponding .csv file is then added, and the same joining process as described
previously is utilized. Once the data has been successfully joined, the habitat ID number
needs to be displayed. To do this, the shapefile (Historical_1) is right-clicked and
Properties selected. From the resulting window, the Display tab is selected. Within the
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Labels tab, habitat ID is selected from the drop down menu for Text String: Label Field
and the box labeled ‘Label features in this layer’ is checked. Apply is selected, followed
by OK. The habitat ID for each habitat is now displayed within ArcMap (Appendix B:
Figure B12).
The next step is to bring in the new complete weekly shapefile (ALL_W2) into
ArcMap. The circular symbol located below Historical_1 within the Table of Contents in
ArcMap should be double-clicked. This brings up the symbol selector window. Circle 2
is selected and size 8 is given to this circle. This is done again for ALL_W2 with the
symbol and size depicted as circle 2 and size 4. Overlapping habitats are now easily
displayed, with revisited waypoints for ALL_W2 contained within the waypoint for
Historical_1 (Appendix B: Figure B12), and the habitat ID prominently displayed above.
This habitat ID is then confirmed to be from the same habitat, and the new habitat given
the same proper identifier. Habitats that do not correspond in this way are considered
new habitats and given a new unique habitat ID. The entire map of waypoints should
be referenced, and all corresponding habitat IDs input into the Larval Surveillance Data
Excel database. This same process can be done using daily data to keep a more up to
date habitat record.
A key variable reported by the surveillance team during surveillance is very
useful in this process of confirming or assigning habitat IDs. This variable indicates site
status; is the site a new site, or, is it a site that has been previously surveyed? This
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variable provides a starting point for identifying repeated sites. It is recommend to
double-check all sites that have been reported to have been previously visited as it is
often quite hard for field team members to retain knowledge of all previously visited
sites. This is especially true during the rainy months when sites are plentiful. All
previously surveyed sites should be double-checked using the spatial confirmation
process described. All new sites should also be double-checked in the same fashion to
ensure no errors were inadvertently made.
After the first two weeks of surveillance, an Excel database named Historical
Larval Surveillance Data should be created. This combines all the results from both
Week 1 and Week 2 into a single Excel page and expedites this double-checking process
through the creation of a ‘master file’ of habitats. All variables are to be the same as in
the Larval Habitat Surveillance Data Sheet, except for the addition of an FID column
and column that adds a weekly component to the habitat ID called Week_ID. This
weekly component separates revisited habitats by week (Wk1_A_001, Wk2_A_001, etc.).
As previously described the FID column starts with 0 and numerically increased by 1
until all rows are numbered. This will once again be used to join to the soon to be
created Historical shapefiles. This Historical Larval Surveillance Data Excel database, as
well as Historical Shapefiles, will continue to build with the new points from each
week. These will be compared to each waypoint obtained on a daily basis to ensure all
new habitats and existing habitats are provided the proper habitat ID.
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At the end of each week, after all habitat IDs are determined and all data points
entered, a new weekly historical map should be created using the previous week’s
historical map and the current week’s generated map (Shapefiles Historical_1 and
ALL_W2 to create Historical_2). This map will contain all surveyed habitats up to that
point in the study and is to be utilized the following week for habitat identification as
well as long term monitoring.
This should be done via the Merge tool, as described previously. This tool is
located in ArcToolbox under Data Management Tools within the General tool. To
complete this merge and create Historical_2, Shapefiles Historical_1 and ALL_W2 are
added to ArcMap and added as Input Datasets within the Merge tool. Output Datasets
will be placed in a created folder entitled Historical Maps. The File is named
Historical_most recent week (Historical_2) to signify that it contains all surveyed
habitats up to, and including, the most recent week (Week 2). The tool is then run and a
new shapefile containing all previous habitats (Historical_1 and W2_All) is created and
displayed on ArcMap (Appendix B: Figure B13). This new shapefile can now be joined,
via the joining process previously described, with the Historical Larval Surveillance
Data Sheet to spatially display all surveillance data up to that point.
This same process was undertaken each week linking the newly obtained weekly
data with the previous week’s historical data. Each week, a new shapefile and an
updated Excel file were created in this fashion and saved separately from those of the
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previous week in a corresponding folder for habitat identification and future reference
purposes.
Habitat NDVI value
Once a shapefile composed of habitat points is created and identified, the NDVI
value associated with the pixel within which the habitat is located can be obtained in a
process known as extraction. The values obtained from this process can be assigned to
each habitat and then statistically analyzed as a variable within a number of statistical
models.
It is best to utilize this technique with multiple images, each corresponding to the
same time frame as surveillance. This is imperative as NDVI values change throughout
the life cycle of vegetation. Utilizing these images to monitor change over time can
identify specific NDVI values that may be related to mosquito production within a
study area. Similar NDVI value areas can then be identified as possible habitats, and
treated as such. The process of extracting a NDVI value for a specific habitat is
described below:
1. Select the ArcToolbox icon from the toolbar
2. Within the ArcToolbox dropdown menu, select Spatial Analyst Tools
3. Within the Spatial Analyst Tools dropdown menu, select the
Extraction option
4. Select Extract Values to Points
5. Within the resulting Extract Values to Points pop-up window, select
your habitat shapefile as the Input Point Features
6. Select the newly created NDVI raster (created from the original raster
image using the NDVI process previously stated) for the Input Raster
and run the tool
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7. A point shapefile is now created with a column mimicking the habitat
shapefile, but with a NDVI raster value attributed to each point
This technique was not utilized in Papoli as only one raster image from one point
in time was available. The NDVI values associated with these images would not
necessarily match the NDVI values of the sites at each surveillance point in time due to
the variance of chlorophyll contained in vegetation throughout the growth process.

Identification
Each evening, larval surveillance field team members will return the collected
larval specimens for the day to the program director, while adult specimens will be
obtained in the early morning hours after the light traps have been collected. Optimally,
the adult specimens are identified in the morning, while the evening hours are devoted
to larval identification. All specimens identified should be counted and recorded in
accordance to their habitat of origin.
Through the identification of these specimens to their respective species one can
begin to develop an idea of the vector or nuisance mosquito makeup of the community
in question. This information will allow for a targeted control program based on the
behaviors and characteristics displayed by the mosquitoes in question. This approach
allows for a successful program while also allowing for the optimization of resources.
Depending on the specificity required and the life stage of the specimen,
different techniques should be utilized to accomplish this crucial facet.
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Identification by sight
The identification by sight technique is an extremely timely and effective
technique to distinguish known adult and larval mosquito specimens to the genus level.
This is a learned technique that comes with constant exposure to specimens of a genus
or species. Through this exposure, minute morphological features of each specimen will
begin to stand out and over time allow for quick and accurate identification. With
extensive experience, this can even be utilized to distinguish specific species. This
technique, however, should not be utilized until the identifier has confirmed the genus
using the microscope on multiple occasions, proving proficiency. If a specimen cannot
be identified by sight, then the microscope method should be utilized.
Larval specimens
Larvae can be identified within the whirl bags in which they are contained, if
numbers are low and the water is clear. If larval count is high, or water clarity is poor,
larvae should be poured by habitat into a container for identification. Containers with a
white colored bottom are recommended because the light color serves as a contrast to
the dark colored larvae. White enamel pans are the preferred container, but other
similar containers are also suitable. Resting patterns and siphon structure were found to
be key sight identifiers for larval specimens to the genus level; however, techniques can
vary with this type of identification. Once identified, specimens should be recorded in
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respect to count and habitat locations. Unknown larval genera in the 4th instar should be
identified under a microscope using an appropriate key.
Larval specimens: Papoli
In Papoli, this skill was quickly developed by the director and the technique was
utilized for the majority of larval identification. Larvae were individually identified to
genus and recorded in relation to the GPS number assigned to them. Bags containing
clear water and a low number of specimens from few genera were identified directly
from the bag and recorded. Bags containing cloudy water, a large numbers of
specimens, or specimens from multiple genera were poured into a large white enamel
pan. This pan enhanced the ability to identify and count specimens. Once recorded, the
pan was emptied and readied for further speciation.
Larvae from Anopheles, Aedes, Culex, and Toxorhynchites mosquitoes were all
recorded by sight based on their morphological characteristics. The director was skilled
in the identification of these genera and could easily pick them out by sight. Other
unknown larval genera were given dummy variable names and recorded as such. A key
was not available for identifying these larval species so subsamples were placed in
appropriately labeled micro-centrifuge tubes along with alcohol and returned to the
University of South Florida for final identification.
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Adult specimens
Each adult trap should be identified individually to prevent confusion.
Specimens should be separated by sight into groups by genus, and each genus placed in
specific containers. The containers are then analyzed for uniformity. Square polystyrene
weighing dishes are preferred as they are lightweight, can be written on, are
inexpensive, and provide a similar light contrast that the enamel pans provide for larval
identification. Key identification characteristics differ depending on the genus or
species of the adult specimens. Size, structure, color, visible morphological features, and
many other distinctions may be essential for sight identification. These indicators are
learned as experience increases identifying the specimens obtained within the
surveillance area. Once all specimens in a respective container are confirmed to be
similar, they can be recorded. Unknown specimens should be separated and identified
using a microscope and an appropriate key.
Adult specimens: Papoli
In Papoli, mosquitoes of the Anopheles, Aedes, Culex, Mansonia, and Urantaenia
genus were all recorded by sight based on their morphological characteristics. Other
unknown genera, or uncommon species, were given dummy variable names and
recorded as such. These unknown specimens would be later analyzed closer under the
microscope for identification purposes. Subsamples of all genera specimens were placed
in micro-centrifuge tubes, labeled by date and location and returned to the University of
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South Florida for final identification. Once identified, all specimens were recorded by
genus and discarded. All Anopheles specimens would be set aside to be further analyzed
under the microscope and identified to the species level.
Identification by microscope
All microscope identification should be done with killed specimens. A light
microscope is sufficient, although better specificity is obtained with higher power
microscopes. This is especially true with larval specimens that often have difficult to
identify characteristics such as combs and hairs that are essential in identification.
Specimens should be identified based on an identification key specific to the area of
surveillance. Additional resources such as the online database offered by Walter Reed
Biosystematics Unit can also be used.
Adult identification consists simply of placing killed specimens on the
microscope stage, viewing them through the eyepiece, and following the associated key
until a species or genus is identified. The identification of larvae should be done after
killing 4th instar larvae of interest in hot water (60oC). This results in a distended
specimen that is easier to identify22. A larval key specific to the area should be utilized
and followed for specimen identification. Once identified, a subsample of all specimens
should be kept as voucher specimens to future identification.
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Identification by microscope: Papoli
Throughout the Papoli project, the microscope was used almost exclusively to
identify adult Anopheles mosquito specimens to the species level. It was occasionally
used to identify unknown adult specimens that could not be identified by sight.
Uncommon or unknown larval samples were also analyzed under the microscope, but
not identified as a suitable key was not available at the time. These larval samples were
given dummy variable names and stored in micro-centrifuge tubes along with alcohol
where they would return to the University of South Florida for final identification. The
unknown adult samples were treated in the same fashion, but not stored in a freezer as
opposed to alcohol.
A Zeiss Stemi DV4 microscope was utilized for identification purposes. A
Supplement to the Anophelinae of Africa South of the Sahara by Gillies42 was utilized
for Anopheles identification. Each Anopheles specimen was run through this
morphologically based identification key before being identified and recorded.
Subsamples of all identified Anopheles adult specimens were retained to be used as
reference specimens. Additionally, a subsample of all Anopheles caught in each trap
were saved in labeled micro-centrifuge tubes and returned to the University of South
Florida for final confirmatory identification.
Specimens identified as species within the Anopheles gambiae complex were
separated into a labeled container. A subsample of these specimens, approximately
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20%, were stored in micro-centrifuge tubes and labeled to display the date and habitat
ID number of the sampling location. These samples were returned to the University of
South Florida and identified using PCR analysis, as they cannot be identified in any
other fashion. These specimens were recorded as Anopheles gambiae complex in the field,
and amended to exact species in the Adult Surveillance Data Excel database upon PCR
diagnosis.
Multiple Anopheles species were identified throughout the adult surveillance
process. Papoli was determined to have 3 species capable of malaria transmission;
Anopheles arabiensis, Anopheles gambiae, and Anopheles funestus. These identified malaria
vector specimens were of the utmost interest and received the majority of our focus. In
total, 648 specimens were determined to be malaria vector specimens. Anopheles
arabiensis was the most prominent of these species sampled within the community,
composing 340 (52.47%) of all vector species sampled. Anopheles funestus, and Anopheles
gambiae were slightly less prominent in abundance, as they generated counts of 164
(25.30%) and 108 (16.67%) respectively (Appendix B: Table B1). The weekly productivity
of each of these vectors in shown in Appendix B: Table B1, Figure B14 - B17.
Other non-vector Anopheles species were also obtained and include Anopheles
maculipalpis, Anopheles squamosus, Anopheles cydippis, Anopheles pretoriensis, Anopheles
seydeli, and an unknown Anopheles species category that was composed of non-vector
specimens that were unable to be morphemically identified based on extreme scale loss.
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Identification by PCR analysis
Deoxyribonucleic acid (DNA) carries all genetic instructions for a respective
organism and can be amplified via polymerase chain reaction (PCR) techniques, even if
only low molecular weight DNA is available101. The utilization of PCR is one of the most
efficient and effective ways to identify a specific vector specimen to the species level.
This is especially useful when the species of interest cannot be identified
morphologically, such as those that make up the Anopheles gambiae complex.
PCR identification is not always necessary, but if specific species are targeted
within the protocol and these species are not identifiable by any other method, then
PCR should be utilized. This method of identification is the most accurate compared to
microscope and sight-based identification. However, this accuracy does incur a higher
cost in both money and time. If the project has the resources and desires optimal
specificity this method may also be preferred. It is recommended to perfect this process
prior to implementing the surveillance program.
Identification by PCR analysis: Papoli
To identify the specimens collected within the Anopheles gambiae complex during
the course of the Papoli surveillance program, we performed a ribosomal polymerase
chain reaction method on individual specimens93. The utilization of these ribosomal
DNA (rDNA) genes for analysis is optimal due to the small amount of nuclear DNA
needed from specimens for this complex for PCR amplification93. This rDNA PCR
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method was utilized in respect to 5 of the most wide-spread species within this
Anopheles gambiae complex (Anopheles gambiae, Anopheles arabiensis, Anopheles melas,
Anopheles merus, and Anopheles quadriannulatus)93. This technique targets species-specific
nucleotide sequences within the intergenic spacer regions of the rDNA where these
species differ significantly93, 102.
Identification to species is often a crucial aspect in mosquito control due to the
variance of behavior displayed by species even located within the same complex. This is
particularly true with species within this Anopheles gambiae complex.
In the case of Papoli Parish, Anopheles gambiae and Anopheles arabiensis were
determined to be present species from the Anopheles gambiae complex. Both mosquito
species are extremely considered extremely capable malaria vectors, and overlap
extensively geographically. Despite their morphological similarities, these species are
quite distinct in respect to behavior and habitat preference, making knowledge of their
respective abundance and location essential in implementing optimal mosquito control
for a community.
Anopheles arabiensis, for example, is considered zoophilic, feeding primarily on
cattle, while Anopheles gambiae is an extremely anthropophilic species, feeding almost
primarily on humans29. However, even with its zoophilic categorization Anopheles
arabiensis does not discriminate in taking human blood meals if available. In general,
Anopheles arabiensis feeds and rests outdoors, though when feeding on humans, will do
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so both indoors and outdoors26, 45 .Anopheles gambiae, on the other hand, resides, rests
and feeds primarily within the human household26.
When feeding, Anopheles gambiae tend to do so nocturnally. These vectors enter
the home in the early evening, waiting until the late evening hours to take a blood meal.
After feeding is complete, the engorged females rests within the house before exiting in
the early morning hours30, 31, 32, 33. In contrast, Anopheles arabiensis can be both a
crepuscular or nocturnal feeder, with biting times starting in the early evening or even
morning26.
Oviposition and the subsequent larval habitat preferences of these species are
extremely similar, both preferring small, temporary, sunlit, clear and shallow
freshwater pools26. Though it should be noted Anopheles arabiensis tends to experiment
with slightly more variety in terms of habitat selection. For example, Anopheles arabiensis
are strongly associated with rice farming, specifically utilizing the irrigated fields for
development during the larval stages26.
Specimens microscopically determined to be of the Anopheles gambiae complex
were collected and labeled in respect to the location and date obtained. These specimens
were then returned to the University of South Florida for species analysis by PCR.
DNA extraction
In order for PCR to amplify the DNA of surveillance specimens, the DNA must
first be extracted. Techniques for DNA extraction abound, although most of those
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utilized for the analysis of mosquitoes tend involve specific reagents or equipment91, 103.
These methods are often based on chelax and phenol-chloroform extraction
techniques104, 105, 106.
Two methods are recommended for DNA extraction in a mosquito surveillance
project: Qiagen DNeasy method and a boiling method. These methods demonstrate
vastly different levels of success and costs. As a result, the technique utilized within a
project should reflect the scope and resources available as well as the desired result. The
boiling method, for example, extracts a specimen’s DNA in the easiest and most cost
effective way107. If a project is well funded, needs to analyze a low number of
specimens, or needs high specificity, the DNeasy technique is recommended as it is the
vastly superior method based on the findings in the Papoli project. However, if funding
is limited, specimen counts are high, and a general idea of species composition is
desired, this can be achieved using the boiling method.
Once determined, the method should be performed on known specimens to
obtain the known result, as a form of quality control for the technique. Once the known
result is successfully achieved, the technique is deemed viable and can be performed on
the specimens obtained from the field.
Boiling method
The simple boiling method is one of the most simple and economical methods for
DNA extraction. Variants of this boiling method have been utilized to successful extract
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DNA from mosquitoes and other insect specimens91, 97. This process is composed of
simply homogenizing specimens within purified PCR water and boiling them. The
simple boiling step allows for liberation of DNA from its cell to be later amplified by
PCR108.
The entire specimen, or even a little as a leg can be utilized to generate a result
from this procedure91. The approach discussed utilizes the cheapest and most timeefficient form of the boiling method. The entire specimen is utilized and done so only in
purified PRC water. The full procedure followed for this method is listed below.
1.
2.
3.
4.
5.
6.
7.
8.

Set up boil to 95oC
Add mosquito specimen to a 1.7ml micro-centrifuge tube
Grind specimen using grinding pestle
Add 100µl PCR H20 and complete grinding
Add tube to boil for 30 minutes
After boiling, centrifuge for 2 minutes at ~8000rpm
Pipette 90µl of supernatant into a new 1.7ml micro-centrifuge tube
Label and save the new 1.7ml micro-centrifuge tube with sample ID for
PCR analysis

At the completion of this process, the original 1.7ml micro-centrifuge tube containing
each homogenized mosquito should be stored for possible future use.
Boiling method: Papoli
This boiling method was the first method utilized to extract DNA from the
Anopheles gambiae complex specimens obtained in Papoli. Specimens were labeled to
time and place of collection, thus allowing for a complete understanding of species
abundance and location over time. This technique was first tested upon known samples
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to ensure the viability of the process in properly identifying specimens within the
Anopheles gambiae complex. Known positive specimens of Anophles gambiae and
Anopheles arabiensis were obtained from BEI Resources via the National Institute of
Allergy and Infectious Diseases (NIAID). We utilized the entire specimen in the Papoli
analysis, although a variant of this method has been shown effective using only
mosquito forelegs in the case that specimen preservation is required91.
The boiling method was utilized to extract DNA on 169 adult mosquito
specimens identified taxonomically to be within the Anopheles gambiae complex. After
completion of the entire PCR procedure and species authentication, 65 of the 169
specimens tested (38.46%) were positively identified as species within this complex. 104
(61.54%) specimens were found to be negative. Of the positive specimens identified, 54
(83.08%) were identified as Anopheles arabiensis, and the remaining 11 (16.92%) were
shown to be Anopheles gambiae.
It is quite apparent from the outcome of this technique that a clear idea was able
to be derived of the Anopheles gambie complex species composition within the
community. However, very little specificity was demonstrated, as a generally
unacceptable percentage of specimens were identified.
Qiagen DNeasy method
A second, more costly and time intensive, but more effective DNA isolation
procedure can also be conducted using a Qiagen DNeasy Blood & Tissue Kit. This kit
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provides fast, easy, and high quality silica-based DNA purification, while allowing for
the majority of samples to be directly lysed with proteinase K109.
This method utilizes silica-membranes within spin columns to eliminate the need
for organic extraction and alcohol precipitation. The process starts as cells are lysed
using proteinase K before the DNA binds to the DNeasy membrane on the spin column
during centrifuging. Washing then occurs to further remove PCR inhibitors to allow for
purified DNA output109. The DNeasy purification process is described below:
1. 1.7ml micro-centrifuge tubes containing homogenized mosquito
specimens were brought into the hood workspace
2. 180 µl of PBS was added to the specimen containing micro-centrifuge
tubes
3. 20 µl of Proteinase K and 200 µl of Buffer AL were added to these
same micro-centrifuge tubes
4. The specimen containing micro-centrifuge tubes were next mixed
thoroughly via vortex, before being centrifuged for 1 minute at 8000
rpm
5. The specimen containing micro-centrifuge tubes were then incubated
for 30 minutes at 56o C
6. The specimen containing micro-centrifuge tubes were set to cool, then
centrifuged for 5 minutes at 8000 rpm.
7. New 1.7ml micro-centrifuge tubes were set up in the hood and labeled
in the same fashion as the centrifuged specimens.
8. 200 µl of ethanol was then added to the new 1.7ml micro-centrifuge
tubes
9. After completion of the centrifuge in Step 6, 400 µl of the supernatant
(avoiding mosquito parts) of the specimen containing micro-centrifuge
tubes was added to the new 1.7ml micro-centrifuge tubes containing
ethanol
10. The supernatant and the ethanol in the new 1.7ml micro-centrifuge
tubes are mixed thoroughly via a vortex before being centrifuged for 1
minute at 8000 rpm
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11. DNeasy Mini Spin Columns placed in a 2 µl collection tubes were set
up in the hood and labeled in the same fashion as the centrifuged
micro-centrifuge tubes
12. The 600 µl mixture within the new 1.7ml micro-centrifuge tubes is then
added to DNeasy Mini Spin Columns
13. The DNeasy Mini Spin Columns/collection tubes are centrifuged for 1
minute at 8000 rpm and the collection tubes containing the flowthrough are discarded
14. The remaining DNeasy Mini Spin Columns are then placed in new 2 µl
collection tubes and 500 µl of Buffer AW1 is added to the DNeasy Mini
Spin Columns
15. The DNeasy Mini Spin Columns/collection tubes are centrifuged for 1
minute at 8000 rpm and the collection tubes containing the flowthrough are discarded
16. The remaining DNeasy Mini Spin Columns are then placed in new 2 µl
collection tubes and 500 µl of Buffer AW2 is added
17. The DNeasy Mini Spin Columns/collection tubes are centrifuged for 3
minutes at 14000 rpm (to dry DNA membrane) and the collection tubes
containing the flow-through are discarded
18. The remaining DNeasy Mini Spin Columns are then placed in new 2 µl
collection tubes and centrifuged for 1 minute at 14000 rpm to ensure a
dry membrane. This prevents residual ethanol from interfering with
subsequent reactions. The collection tubes containing any possible
flow through are discarded
19. New 1.7ml micro-centrifuge tubes were set up in the hood and labeled
in the same fashion as the DNeasy Mini Spin Columns.
20. The remaining DNeasy Mini Spin Columns are then placed within the
new 1.7ml micro-centrifuge tubes
21. 60 µl of Buffer AE is added directly onto the DNeasy membrane of the
DNeasy Mini Spin Columns and incubated for 1 minute at room
temperature
22. The DNeasy Mini Spin Columns in the new 1.7ml micro-centrifuge
tubes are then centrifuged for 1 minute at 8000 rpm to elute
23. The DNeasy Mini Spin Columns are then discarded and the 1.7ml
micro-centrifuge tubes containing the flow-through stored for future
PCR analysis
24. The final 1.7ml micro-centrifuge tubes containing the flow-through
enclose each respective specimens extracted and purified DNA.
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After completion, the original homogenized specimen and the final flow
through micro-centrifuge tube should be stored for quality control and PCR
analysis respectively.
Qiagen DNeasy method: Papoli
In the same fashion as the boiling method, the Qiagen DNeasy method was first
tested upon known samples to confirm proper functioning and expected output.
Known positive specimens of Anophles gambiae and Anopheles arabiensis were obtained
from BEI Resources via National Institute of Allergy and Infectious Diseases (NIAID).
The technique was then run on the remaining 104 adult specimens not positively
identified through the boiling process. After completion of the entire PCR procedure
and species authentication this method proved to be much more effective as it identified
86 (82.69%) of the remaining specimens. 18 (17.31%) of these specimens remained
negative. Once again, Anopheles arabiensis remained the predominant species identified
in our study area. In a similar percentile output to the boiling method, 62 (72.09%) of the
86 positive were Anopheles arabiensis, while 24 (27.91%) were identified as Anopheles
gambiae.
The superiority of this test was demonstrated in comparison to the boiling
method. Although more expensive, this technique may be preferred if specificity is
desired.
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PCR authentication procedure
Authentication of specimen DNA to the species level is a simple and effective
procedure once the DNA has been extracted. The PCR procedure utilized in Papoli was
based on that proposed by Scott et al., 199393. Slight amendments were made in an effort
to reduce costs, maximize resources, and provide a realistic option for use in resourcelimited areas. Similar procedures can be obtained to identify other mosquito species of
interest. The entire procedure described below is the exact procedure utilized within the
Papoli project and as a result utilizes species within the Anopheles gambiae complex as
the reference.
PCR master mix procedure
A master mix containing all the required components for PCR is required to
complete this procedure. The recommended make-up of the PCR Master Mix when
working with unknown specimens should be sought out, and utilized for the
preparation of the PCR mastermix. Specificity will improve if primers for species of a
complex, or possible species range definitively known to not occur in the surveillance
area, are left out of the master mix. The volume of each removed primer should be
replaced with an equal volume of PCR water93. All reagents should be placed on ice and
added in the order they appear in the master mix.
An example identifying unknown specimens within the Anopheles gambiae
complex is described in Appendix B: Table B2. This procedure was adapted from Scott
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et al., 199393. The reagent makeup of the master mix described is for a single 20μl PCR
reaction. Primers for species known not to occur within the community were removed,
and extra PCR water was added in their place.
After the master mix has been successfully produced, the micro centrifuge tube
within which it resides should be vortexed and placed in a centrifuge for a quick-spin of
approximately 30 seconds. 20µl of the master mix is then pipetted into each well of a
PCR plate in respect to the number of PCR reactions required while also taking into
account the need for positive and negative controls. This plate is then covered, placed
on ice, and transported to a sterile area for the addition of DNA.
DNA procedure
Once created, the master mix should be combined with the DNA created via
either the boil or DNeasy methods. The PCR plate containing the master mix is
removed from the PCR hood and brought to a sterile area. The previously extracted
DNA is then moved to the same sterile area to avoid contamination within the PCR
hood. Within the sterile area, 2.5ul of DNA is added to each well containing master mix
in the PCR plate. After the DNA is added, 2.5ul of PCR water is added to the remaining
wells to serve as negative controls. If known positive controls are available, these
should be added to the plate at this time. The PCR plate is then sealed with a PCR
compatible heat seal and placed into the PCR thermal cycler. The following PCR cycle
conditions were used93:
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•
•
•
•

95°C/5min x 1 cycle
(95°C/30sec , 50°C/30sec , 72°C/30sec) x 30 cycles
72°C/5min x 1 cycle
4°C hold
Gel electrophoresis procedure

Gel electrophoresis is employed to separate the generated DNA by size for
visualization. This technique uses an electrical current to move the negatively charged
DNA toward a positively charged electrode. As DNA moves through the agarose gel,
the larger fragments of DNA meet resistance and move slower allowing for separation
of fragments by size110. This separation is then utilized to determined species. Mosquito
specimens are to be run on a 2% agarose EtBr gel93. The recommend steps for this
procedure are listed below.
1. Measure 6g of agarose and place in a 1000ml flask
2. A separate graduated cylinder is then filled with 50ml 20X TAE and
950ml Deionized (DI) Water (This functions as a buffer)
3. This buffer will then be mixed by inverting the cylinder
4. 400ml of this mix is added to the agarose flask and then placed into the
microwave for 6 minutes
5. After 6 minutes, the flask is removed and left to cool
6. While cooling, the respective combs are to be added to the to the
electrophoresis tray.
7. Once cooled, the agarose mix is poured slowly into the tray (1/3 up
comb) as to not create bubbles.
8. After 15 minutes, a pipette is used to ensure it hardness
9. PCR samples are quickly centrifuged
10. 2µl (or a 1:5 ratio Dye to DNA) of loading dye is then added to a
separate plate that is organized in the style of the PCR samples.
11. 5µl of DNA from PCR plate is then added to each well in the plate
containing the loading dye (mix within pipette to ensure a thorough
mix)
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12. The plate is set aside, and the tray containing the gel along with comb
is added to the electrophoresis
13. The remaining 600ml (or what is needed) of 20X TAE/DI water mixture
is poured into the unit until the gel is completely submerged
14. The comb is then carefully removed from the submerged gel creating
wells
15. 10µl of DNA ladder is added to the gel in wells located before and
after the wells where samples are to be set
16. 5µl of DNA/loading dye mix are added into the remaining wells (the
outline of samples should be recorded for analysis)
17. The electrophoresis unit is then connected and set to 120 volts 400
amps for 30 minutes
Species Identification
The final step of the PCR process is species identification through DNA staining.
For this purpose, we utilized ethidium bromide. Ethidium bromide is a frequently used
stain for detecting DNA. This agent binds to DNA and inserts itself between the base
pairs of the double helix96. During this process, the DNA fragment is stretched and
water molecules are removed from the ethidium cation resulting in an increase in
ethidium florescence. An exposure to ultraviolet light will result in a florescent orange
color that can be utilized to visualize DNA96. The process utilized is described in the
following paragraphs.
Upon completion of electrophoresis, the gel is removed and then placed in
ethidium bromide (EtBr) to soak for 15 minutes. Once EtBr soaking is complete, the gel
is then able to be analyzed and speciation determined. The gel is carefully transferred to
the Labnet International ENDURO GDS Gel Documentation System for photography
and analysis. This system utilizes a high resolution scientific grade camera that will give
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a linear response to light, allowing for efficient data analysis and the ability to
differentiate closely spaced bands on DNA gels100.
Positive specimens run under the ENDURO GDS Gel Documentation System
will display primer created fragments of 390bp for Anopheles gambiae and 315bp for
Anopheles arabiensis93. An image is available in Appendix B: Figure B18. The displayed
fragments will then be compared to the DNA ladder also present on the gel for final
identification purposes. The species identified for each well is recorded and compared
to the previously recorded gel outline to determine which sites produced which species,
and at what point in time.

Statistical Analysis
Statistical analysis should be spatially focused on the larval data obtained. This
approach is the most indicative and illustrative of mosquito distribution within a
community over time. More traditional linear analysis of variables obtained during
mosquito surveillance can also be conducted and integrated with the spatial analysis
outputs to highlight specific habitat variables of interest.
To better understand the behavior of mosquito populations in a region, further
analysis can be conducted on adult datasets to enhance that of the larva dataset. The
exact same techniques should be utilized for data generated from both larval and adult
mosquito populations. If more than one outcome is desired, then multiple forms of
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analysis should occur with the specific outcome utilized as the dependent variable for
each separate analysis.
The statistical approach for Papoli focused on the factors specific to the
community’s malaria vectors as this infection was the most prolific and of greatest
concern within the community. However, the community’s nuisance mosquito
population was not ignored. Statistical analysis was conducted specifically on the
Anopheles species as well as Non-Anopheles nuisance biters in two separate datasets.
Outputs over the study period clearly display the succession of significant larval habitat
locations within Papoli and identify variables that are significantly related to highly
productive larval sites.
Linear regression analysis
Traditional linear regression analysis in mosquito surveillance should be utilized
to identify particular variables that may be influencing the productivity of habitats.
Linear regression allows for the relationship of two or more variables to be described
through the calculation of a best fit line. This line averages the relationship to describe
the relationship and influence of these variables111
All variables (dependent and independent) in our analysis should be represented
as count variables. These numerical variables will be 0 or greater and represent either
specific counts or dummied variables represented by numbers.
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The mosquito count (larval or adult) of interest should be utilized as the
dependent variable, and analyzed in respect to all other data points (independent
variables) generated. In the case of larval analysis, it is best to utilize late stage larvae
(4th instar) or pupal counts as the dependent variable. These counts serve as a strong
indicator for site productivity as the mortality among this growth stage is typically
lower compared to the earlier stages. The WHO considers pupae a proxy for adult
counts when performing surveillance for Aedes aegypti and has been shown to be the
case on multiple occasions85, 86, 87. Pupae was similarly found as a proxy in Western
Kenya for species within the Anopheles gambiae complex88. However, if counts are very
low, or a specific species is targeted, it is acceptable to utilize the entire larval
population count in the analysis. Appropriate regression models for count data
outcomes should be performed using SAS, or similar statistical software. When coding
for surveillance data in a program designed in this longitudinal fashion, it should be
noted that a repeated subject line be added to the model statement in SAS. This
repeated subject will indicate the habitat ID given to each habitat. The habitat ID can
occur multiples times in the final dataset and yet represent the same habitat with
similar characteristics. To account for this, and prevent particularly potent or sparse
habitats from skewing the data, this variable is identified in the repeated subject line.
The software will then treat the variable accordingly.
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Chi square test of independence
Prior to beginning regression analysis, preliminary tests for correlation must be
conducted on the data. The initial step in this process is the chi square test for
independence.
In a chi-square test, the null hypothesis assumes independence between the
dependent and independent variables, meaning it is an effective test for analyzing a
dataset for associations between variables. In order to perform a chi-square test for
independence, variables must be transformed into a categorical format. Categorical data
has no characteristic order; instead, data is grouped into distinct categories112.
Within a surveillance program, the dependent variable (mosquito count), as well
as certain independent variables, are recorded as continuous variables and therefore not
categorical in structure. To allow dependent variables of this nature to be properly
analyzed within a chi square test, they must first be divided into categorical variables
using quantiles. Quantiles group continuous variables into categorical variables equally,
based on size113. The first quantile represents the lowest percentage of the continuous
variable. The remaining quantiles represent an equal percentage increasing until 100%
is met. For example, if we have 10 quantiles for mosquito count, the first quantile
represents the lowest 10% of mosquito counts. This continues equally in 10% intervals
until 100% is met. This process should be done within SAS or similar statistical
software.
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The majority of the independent variables, regardless of their categorical status,
should be coded as dichotomous categorical variables. These dichotomous variables are
indicative of a ‘yes’ or ‘no’ response allowing for a simple interpretation of the results.
Variables in respect to temperature, humidity, and rainfall are left as categorical
variables, with each reading serving as a category.
A univariate analysis should occur with all independent variables in the dataset
against the dependent variable. A p-value of ≤0.05 (95% Confidence) is considered
significant. All significant outcomes should be recorded and utilized within the next
steps of analysis. Non-significant variables can be discarded, as they are shown to not
demonstrate independence, and will negatively impact the final model. The Chi Square
output from Papoli is available in Appendix B: Table B3, B4.
Variance inflation factor
All independent variables deemed independent from the dependent variable via
the chi square test must be further analyzed to ensure independence from one another.
The associations between these independent variables must be established to not
significantly influence each other within the overall dataset. If two of these variables are
found to influence each other, they are not independent, and display what is known as
collinearity114. When multiple independent variables (3+) are highly correlated it results
in multicollinearity. These phenomena do not negatively impact the final model, but
does however, not allow for the impact of individual independent variables to be
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analyzed in respect to their impact on the dependent variable. In a mosquito
surveillance program, our interest is focused on what is driving production within
particular habitats. And as a result, we must control for collinearity.
To test for collinearity we utilize a Variance Inflation Factor (VIF). This measures
the amount of influence collinearity has on the variance of the independent variables115.
A high VIF indicates an increase in serious effect of collinearity on the accuracy of the
data115. Though there is no standard criteria; however, in general a VIF score greater
than 10 (5 at times) indicates an issue with collinearity116.
Prior to running any linear regression models, a VIF test should be run against
all data that is to be input into the model. Statistical software such as SAS is
recommended. If all variables elicit an acceptable VIF score, then serious collinearity
can be ruled out and regression modeling is ready to be undertaken. If a VIF score
indicates collinearity, then the variables must be reanalyzed. Though VIF is a strong
quantifier for collinearity, it does not have the ability to determine the independent
variables driving the collinearity116. As a result, to remove the collinearity, the variables
must be removed. Knowledge of the data and possible confounding interactions is
crucial in this aspect. After removing a high VIF variable, the VIF test should be rerun
until all variables are acceptable. The VIF output from Papoli is available in Appendix
B: Table B5, B6.
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Poisson regression
Modeling can begin once independence is established, and collinearity is ruled
out. Poisson regression is the standard model, and obvious starting point for working
with count data. The basis for Poisson regression is the Poisson distribution which
represents the distribution of errors117. Poisson distribution models the probability of y
events using the following formula:

•
•
•
•

Y is the count dependent variable
λ is the mean or expected value of a Poisson distribution
λ is also the variance of a Poisson distribution
Poisson is a one parameter λ (lambda)118.

Poisson distribution is a discrete distribution that works only with non-negative
integers117. This makes such a model initially look optimal for mosquito counts, as
counts 0 and greater will be modeled. However, a key aspect of the Poisson model is
that the variance is equal to the mean. This equality, however, is very rare among
observational real-life data119, 120, 121. Instead, the observed variance tends to be higher
than this assumed variance, resulting in overdispersed data121.
This ‘overdispersion’of data is to be assumed with data generated from a
mosquito surveillance program. If data are not overdispersed, it would indicate that
each habitat and its subsequent count were randomly dispersed within the study area,
and not driven by any environmental or biological factor. This does not, however, align
with what is known biologically in respect to mosquito behavior.
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Despite the knowledge that the Poisson model will most likely not properly
model the data generated, we still utilize the Poisson model as a test for proper sample
size. If the outcome of the model displays a variance equal to the mean, we can assume
that the sample size is too small for our data to generate adequate linear results. If our
data displays a non-equal mean and variance, the resulting clustering will indicate a
proper output for ecological data, overdispersion, in such a model. Due to this
overdispersion, we will need to select an additional model to correct for this, once the
appropriateness of sample size has been confirmed.
All significant independent variables identified through previous tests for
independence should be coded for and analyzed in respect to the dependent mosquito
count variable of interest. The model should be constructed using PROC GEN MOD
and DIST=POISSON within SAS statistical software. A GEEEmpPEst (GEE parameter
estimates with empirical standard errors), ODS Table Name, and a REPEATED subject
statement should be utilized within this code. A GEE Fit is needed to analyze correlated
longitudinal data and therefore must be included in the model122. The temporal
structure of a surveillance project suggests that the same habitats will be sampled and
corresponding data recorded multiple times. The REPEATED statement indicates a
repeated data point within the dataset, and habitat ID should be indicated as this
repeated data point in a surveillance program. Coding for the repetition of these

158

habitats prevents a consistently high or low productive site from skewing the results of
the final model.
The Poisson model should be run multiple times using SAS software. After each
iteration, the highest non-significant (p-value >0.05) independent variable should be
removed before re-running the model. This process should be repeated until only
significant variables remain in the model. It is a likely case that the output generated
from this Poisson model is overdispersed. The GEE output should be noted, as it will
justify the use of additional count variable models as well as serve as a foundation for
conclusive model selection analysis.
The Poisson regression output from Papoli is available in Appendix B: Table B7,
B8.
Negative binomial regression
When the overdispersion of a Poisson model is shown to take the gamma form, it
is appropriate to use the negative binomial model123. This occurs when the mean
parameter is not identical within all members of the study population, eliciting a
gamma distribution124. This count model allows for, and often corrects,
overdispersion125, 126. The utilization of this model has been shown to be a viable option
for ecological data analysis127. This is especially true when using time-series malarial
data, where the sample variance is greater than that of the sample mean126. This same
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method can be extrapolated from malaria data to similar time-series mosquito or
disease-related data points.
In same fashion as the Poisson, the dependent variable (Y) in negative binomial
regression serves a count of the number of times an event occurs128. A negative binomial
distribution can be viewed as a form of Poisson regression and is derived from the
Poisson129. The negative binomial distribution has two parameters: λ and α. The λ is the
mean or expected value of the distribution, while the α is the over dispersion
parameter. When α = 0 the negative binomial distribution is the same as a Poisson
distribution118. The parametrization of the negative binomial distribution is described by
Hilbe below123:

µ > 0 is the mean of Y
α > 0 is the heterogeneity parameter123.
This model should be utilized to correct for the non-random clustering, described
earlier, that often occurs in plant and animal populations, and should occur with
mosquito larval data130.
Within the SAS software, the same coding parameters should be followed as that
of the Poisson model. The only change is the DIST, which should be set as
DIST=NEGBIN to elicit a negative binomial distribution.
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The negative binomial model should be run multiple times using SAS software.
After each iteration the highest non-significant (p-value >0.05) independent variable
should be removed before re-running the negative binomial model. This process should
be repeated until only significant variables remain in the model.
The resulting GEE fit output of this significant multivariate model should be
noted and compared to that generated by the Poisson model to establish the optimal
model.
The negative binomial regression output from Papoli is available in Appendix B:
Table B9, B10.
Model selection
Longitudinal Poisson and negative binomial models, indicated by the use of the
REPEATED statement, function as Generalized Estimating Equation (GEE) models122.
GEE estimation is an extension of the Generalized Linear Model (Poisson) that uses a
subject to subject variance measurement as opposed to model based measurement131, 132.
The variance estimation process within this model involves aggregates at the cluster
level which leads to its robustness131. These models specify how the average of the
dependent variable changes with the independent variables, while still allowing for
correlation to occur with a repeated subject over time133.
Mosquito larval data, as well as that of other organismal data, is expected to be
clustered130, 134. At the same time, sampling the same habitat over time indicates a
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repeated subject. For these reasons, we can assume an analysis of this measurement will
indicate the proper model of choice.
GEE models do not have a test for overall fit; instead, they utilize a comparative
Quasilikelihood under the Independence model Criterion (QIC) statistic to compare the
fit of each model to the data involved135. The commonly used Akaike Information
Criterion (AIC) cannot be utilized for model selection because it is based on the
maximum likelihood estimation for independent observations, and GEE is
nonlikelihood based135. A QIC is structured to be analogous to the AIC, and can be
utilized for comparing GEE models and selecting the best correlation structure133. The
GEE outputs from the negative binomial should be compared to that of the Poisson
model to select the best model fit.
Because we started with an overdispersed Poisson model and negative binomial
modeling corrects this, we must utilize the QIC statistic to confirm the correction.
Within the GEE, the comparison of the QIC should be used to establish the best model
for our data analysis. There is no standard for model selection, but it is generally
accepted that if there is a difference of 10 or greater than the model with the smaller
score is preferred136. A difference between models of 0 - 2.5 demonstrates no difference
between models, while the smaller model score should be preferred with a difference of
2.5 - 6 only if the n is greater than 256. Similarly, a model difference of 6 – 9.9 indicates
the preference of the smaller scored model if the n is greater than 64136. It is expected
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that the negative binomial model will elicit an output at least 10 less than the output
generated by the Poisson model, as the statistical distributions of organisms are rarely
evenly distributed134. Once this difference is identified the negative binomial output can
be established as the proper model for data analysis and its output accepted.
Spatial analysis
The majority of analysis for mosquito surveillance should be focused in a spatial
fashion. In this form of analysis we analyze the spatial aspects of our dependent
variable utilized during linear analysis. Once again the mosquito count of interest
should serve as the variable of interest. The scope of this spatial analysis is directed to
the spatial characteristics over time of our dependent mosquito count variable, as
opposed to the influence of habitat-based variables on the overall count of our
dependent variable.
Outputs generated from this analysis will clearly depict the areas of greatest
concern within a community at a particular point in time. All identified areas can then
be targeted for treatment, resulting in a significant reduction in adult mosquitoes. All
analysis should be performed using ArcGIS software.
Habitat modeling: Time-series
The first step in generating a spatial understanding of mosquito distribution is to
develop weekly habitat models and stitch them together in a time-series animation.
Within the ArcGIS software each site can be manipulated to demonstrate its
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productivity and mapped to display its geolocation. Weekly maps can then be stitched
together to exhibit the productivity and spatial changes of all surveyed habitats over
time. Time-series analysis in this fashion clearly illustrates the mosquito larval habitat
distribution throughout the study period.
The process for developing these maps is described in the following paragraphs.
There are 2 methods for developing time-series animations. However, prior to
animating the habitats, each must be manipulated to visually represent the mosquito
count data of interest. The first step in this process is to add the weekly shapefile to the
ArcMap data frame and then join to the corresponding .csv file as described previously
in the Data Join section of Habitat Mapping. Once joined manipulation of the shapefile
can begin.
The shapefile should be selected via a right-click within the Table of Contents
and Properties then selected. Within the resulting Properties window, the Symbology
tab should be selected. Quantities should be selected as the feature to show, followed by
graduated symbols. A dropdown menu will then show an option for value. Within the
value menu, the variable of interest (mosquito count) should be selected. The
Normalization drop down menu should remain as the default None selection. Symbols
representing different numerical ranges for the variable of interest are then displayed,
increasing in size as the count increases. The number of classes can be changed in the
Classes section of this Quantities window. Ranges for each symbol can also be changed
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by clicking on them and manually inputting the numerical range of interest. Each
symbol can also be manipulated to display as a different color in an effort to better
distinguish symbols from each other. This is done by clicking directly on the symbol
and selecting an appropriate color. Once the appropriate number of classes, colors, and
their respective range is selected, Apply and the OK buttons should be selected to
generate the count stratified map for the week.
As these maps are created each week they can be combined to display change
temporally in a time-series animation. The first, and best, way to generate these maps is
to export them from the ArcGIS software and stitch them together using outside
software. The process recommended is as follows.
The view within the ArcGIS data frame should be changed to Layout View.
Within this view, the legend representing the symbols and their representative counts
can be added. To add the legend, select Insert from the toolbar and select legend.
Appropriate legend items can then be inserted along with other options within the
legend wizard. After selecting desired legend options, OK is selected. Appropriate title,
scale bar, and north arrow should also be under Insert from the toolbar. Once the map
has been constructed it should be exported as a .jpeg. This is done by selecting File from
the toolbar and then selecting Export Map. This map should be saved with the
corresponding week name and .jpeg selected as the save as type. These newly generated
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files can then be saved into a folder from which they will be stitched together using
appropriate software.
The software recommended to stitch these .jpegs together is Video Win Movie
Maker. Within this software, select Add Videos and Photos and select the weekly .jpegs
in order. The speed of viewing, order, and other aspects of these images can be edited
using the edit tab. Once the time-series is acceptable, Home should be selected from the
toolbar and Save Movie selected. This will save the images as a time-series animation
movie based on the specifics provided.
This time-series process can also be done in a second fashion completely within
the ArcGIS software. This method is useful, but not recommended for most surveillance
programs due to the reduction in speed and efficacy of the time-series animation as the
amount of data increases. Oftentimes, attempting this method on large datasets will
result in software malfunction.
To use this method one must first bring in the shapefile containing all habitats
for the entirety of the program (Historical Shapefile), and corresponding .csv file into
the ArcMap data frame and table of contents. This shapefile should then be joined to its
.csv file and manipulated to display the size and symbol of all sites, as described in the
creation of weekly maps. Enable time within the time tab, located within the layer
properties of this shapefile is then selected. Each feature should be selected to have a
single time field and the time field should be set to date, as this identifies the date
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variable in your joined dataset. The field format should be selected in the manner at
which the date was recorded within the dataset. The duration of choice (daily, weekly,
etc.) can then be selected within the Time Step Interval.
Once the shapefile is formatted for the Time-Series Animation, the time slider
icon ( ) should be selected from the ArcMap toolbar. A time slider window will then
appear and display the data in respect to the first date listed within your dataset. Within
this widow, Options will allow you to manipulate the time duration and speed as
desired. This can be then viewed by selecting the Play icon. Once the animation is
finalized it can be exported to video as an .avi file using the Export to Video icon.
Both versions of time-series animation were used at points during the
development of Papoli mosquito surveillance. The first method, however, was more
commonly utilized, as it allowed for the creation of weekly maps, followed by a timely
stitching of the new map into the time-series animation. More options are also available
to clarify the data through adding informational slides, or headings within slides, using
the first method. The habitat modeling outputs used to generate time-series animations
during the Papoli project are displayed in Appendix B: Figure B19, B20.
Moran’s I spatial autocorrelation
Spatial autocorrelation refers to the correlation of the values of a variable with
itself through space137. This can be measured to generate positive autocorrelation
(clustered), negative autocorrelation (dispersed), or random (no autocorrelation).
167

Positive autocorrelations refer to geographically nearby values of a variable being
similar, while negative autocorrelations refers to geographically nearby values of a
variable being dissimilar137. In other words, high values located spatially among other
high values is considered positive autocorrelation, while high values spatially located
among low values is negative autocorrelation.
The Moran’s I statistic, as identified by Moran, 1950138 measures the
autocorrelation of a variable of interest based on the location and values present to
represent a pattern globally. Moran’s I analysis results in a score ranging from -1 to 1. A
score near 0 indicates randomness, while a score near 1 indicates clustering and near -1,
indicates dispersion139. This global statistic averages local variations of the entire
dataset and provides evidence of spatial autocorrelation140. In order to spatially display
this autocorrelation, a local decomposed version of this global statistic must be applied.
The local statistic utilized in this thesis and recommended for mosquito
surveillance purposes is Anselin’s local Moran’s I. Anselin’s Local Moran’s I is a local
indicator of spatial association (LISA). A LISA is described to satisfy the following
requirements:
1. The LISA for each observation gives an indication of the extent of significant
spatial clustering of similar values around that observation.
2. The sum of LISAs for all observations is proportional to a global indicator of
spatial association141.
In the spatial analysis of surveillance data, we first utilize the standard Global
Moran’s I to measure the autocorrelation of the larval counts by habitat location for the
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entire dataset. Once this is established, the spatial structure of the program area can
then be analyzed using Anselin’s Local Moran’s I. This is useful in identifying how well
the global pattern represents the local association pattern as well as in the identification
of outliers that may be of interest.141
Utilizing this local Moran’s I statistic allows for identification and visual spatial
representation of statistically significant highly productive and unproductive habitat
clusters, as well as their respective outliers within the dataset. These clusters represent
sets of adjoining locations for which the LISA is significant141. These clusters can then be
prioritized for future control practices.
The outputs of interest for mosquito control programs are Cluster: High and
High Outlier outputs. These can be assessed essentially as priority 1a and 1b. Highly
productive clusters are of the utmost importance, as these areas are most certainly
contributing heavily to the mosquito burden of the community. High Outliers are
similarly producing significantly larval output, though in a more isolated location.
Control of these habitats will make an additional significant impact, especially within
areas of close proximity.
Analyzing these models temporally will display the changing dynamics of high
priority habitats within the community. This information is invaluable for habitat
prioritization of targeted mosquito control practices. The generation of this spatial
output is described in the following paragraphs.
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The weekly shapefile, as well as the corresponding .csv file, should be brought
into the ArcMap platform and joined prior to beginning the Moran’s I process. The next
step is to select ArcToolbox. Spatial statistics tools should then be selected, and followed
by Analyzing Patterns from the dropdown menu. Spatial Autocorrelation (Moran’s I) is
selected and a correlated window will appear. Within this window, the weekly
shapefile should be selected as the Input Feature Class and the mosquito count of
interest as the Input Field. Inverse distance should be selected within Conceptualization
of Spatial Relationships. This defines the spatial relationship as one in which closer
features have a larger influence on the computations for the target feature (mosquito
count of interest) as those of further features79. The Euclidean Distance method should
be chosen, as this specifies distances are calculated by the straight-line distance between
two points79. None is selected for standardization, as no bias was involved in sampling
design. The generate report box should be clicked prior to selecting Ok, which instructs
the process to run.
Once the spatial autocorrelation tool has been run a report regarding all key
output is generated. To view the report after the Moran’s I analysis is complete, select
Geoprocessing from the toolbar, and then Results from the dropdown menu. Within
Current Session, select Spatial Autocorrelation and double-click on the Report File. A
Spatial Autocorrelation report will then appear. The Moran’s index, Z-score, and Pvalue will then be described along with an explanation on the autocorrelation of the
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data. The z-score and p-value function to determine if the null hypothesis throughout
the area should be accepted or rejected139. This hypothesis states that features are evenly
distributed (no clustering).
After establishing the Moran’s I spatial autocorrelation on a global level, an
Anselin’s Local Moran’s I should be run to determine if any local spatial autocorrelation
is evident. It should be noted that the global and local patterns may not always align
since the global statistic decomposes into its various components within a LISA141. As a
result, an accepted null hypothesis on the global level may still result in spatial
autocorrelation on the local level. This process is described below.
Within ArcToolbox select Spatial Statistics Tools, followed by Mapping Clusters
and Cluster and Outlier Analysis (Anselin’s Local Moran’s I). The process then closely
follows that of the Moran’s I. The weekly shapefile should be selected as the Input
Feature Class, and the mosquito count of interest as the Input Field. Inverse distance
should be chosen within Conceptualization of Spatial Relationships, and the Euclidean
Distance method similarly selected. None is then selected for standardization, before
running the tool. Hotspots, coldspots, and respective outliers are now spatially visible
within the context of the study area.
The output of the Local Moran’s I is a visual representation of Cluster: High,
Cluster: Low, High Outlier, and Low outlier. Cluster: High represents areas of highly
productive habitats within close proximity to each other, and should be deemed high
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priority for control purposes. High outlier represents a habitat that is productive, but
surrounded by unproductive habitats, while Low outlier displays a low productivity
habitat surrounded by highly productive habitats. Cluster: Low indicates the opposite
of Cluster: High and may be useful in identifying characteristics that result in a lack of
larval habitat productivity.
The weekly local Moran’s I output for both Anopheles and nuisance mosquitoes in
Papoli are available for reference in Appendix B: Figure B21, B22. A 0.5 km buffer was
placed around this output to demonstrate the areas at risk for each significant output.
This distance was based on the flight range of an unfed Anopheles gambiae mosquito80.
Inverse distance weighting spatial interpolation (IDW)
Tobler’s first law of geography states, “Everything is related to everything else,
but near things are more related than distant things”142. This law is directly used to
explain the use of an Inverse Distance Weighting Spatial Interpolation (IDW). IDW
utilizes known point values to predict the values for unknown point locations based on
the values surrounding the prediction location143. In the same fashion as described in
Tobler’s law, the closer points have a more significant impact on the predicted sites than
those points further away. As points move further away from the predicted points, the
weight of their influence diminishes143. For mosquito control purposes, this concept can
be utilized to make the assumption that clusters of highly productive habitats will have
other highly productive habitats in close proximity. This interpolation can be utilized to
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expand mosquito control to areas slightly larger than those identified by the Moran’s I if
an extension of the control area is desired.
IDW cannot be relied on as a standalone model due to its lack of prediction
standard errors143.The p-value of the Moran’s I output should be utilized as the variable
to be interpolated to add statistical significance to the model; however, this is effective
only if cold spots are rare or non-existent. If many cold spots exist, then the mosquito
count of interest should be utilized from the Moran’s I output. Due to the fact that the pvalue of the Moran’s I indicates significance for all outputs (Cluster: High, Cluster: Low,
High Outlier, and Low Outlier) an abundance of Low Clusters would generate a flawed
model for control, as Low clusters would be considered of interest and interpolated
based on their significance. The remaining 3 variables can all be interpolated for control
based on their respective significance and therefore their p-values elicit the desired
output upon analysis. The Low Outlier count itself can even be used in this fashion, as it
is dissimilar to its surroundings which consist of high clusters.
It should be noted that the Moran’s I is the preferred method for key habitat
identification for control. The development of an IDW interpolation is described in the
following paragraphs.
Anselin’s Local Moran’s I should be present within ArcMap prior to the
development of the IDW. Once the proper shapefiles are within the data frame the
ArcToolbox should be opened and Spatial Analyst selected. IDW is selected next from
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the drop down menu and an IDW window will appear. The Anselin’s Local Moran’s I
output should be selected as the Input Point features. Within the Z-value field, the
LMiPvalue should be selected and used as the magnitude value for each point within
the interpolation. To fit the interpolation to the image, select the Environment Setting
tab and Raster Analysis within the resulting menu. The base .tiff image should be set as
the mask and OK selected to return to the base IDW menu. The power and search
radius should be set to the default of 2 and Variable, respectively, before selecting OK
and running the tool. An output IDW will be created indicating predicted areas of high
production based on the statistically significant Local Moran’s I output.
The weekly IDW output for both Anopheles and nuisance mosquitoes in Papoli
are available for reference in Appendix B: Figure B23, B24.

Discussion
The framework for a successful mosquito surveillance program is established
through steps outlined within this protocol. All surveillance programs vary immensely
from one another based on the respective variables present in each location. As a result,
this framework should serve as a guide and be amended to fit the needs of each
community and program.
A program concerned strictly with location of mosquitoes and their control could
easily remove the linear statistical aspects of this protocol and follow the steps to
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located and eliminate all species, or specific species of concern. In such an instance, all
that would be necessary is consistent surveillance, a GPS generated geolocated
waypoint, and the productivity of each identified location. In other cases, the species
may not be of interest, or concern, and the identification portion can be removed
without impacting the overall focus of this protocol or the program itself.
In academic or research driven programs, additional variables could be analyzed
and monitored through each of the surveillance sheets to identify all the interactions
involved in the distribution of mosquito populations. More intense statistical and
spatial analysis is also possible for generating significant conclusions about the impacts
of environmental, behavioral, and other factors on the overall spatial and temporal
distributions of habitats of interest. Other operational additions, such as setting up a
surveillance grid, could also be incorporated to enhance the effectiivenss of the final
surveillance product.
The malleability of this surveillance guide allows for numerable interpretations
and implementations. Certain aspects of this guide; however, are essential, and should
not be omitted when developing and implementing a program: community trust, field
team competence, quality training, and real-time processing.
An understanding and trust of the program from the community within which
the surveillance is performed is program critical, and provides stability on multiple
project facets. Unencumbered movement, community assistance, field team
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establishment, and support can all be generated from an accepting community.
Attempting to perform surveillance in the presence of an uninformed and hostile
community will result in poor data collection and subsequent poor surveillance
performance.
Field team members should optimally be obtained from the community from
which surveillance is performed and their training should be prioritized. Proper
training results in proper surveillance, and allows for a program to thrive. Proper
surveillance will then lead to trustworthy data that should be analyzed upon its receipt
to generate real-time information of the surveillance community.
An accepting community providing well trained competent team members will
generate results that can be easily transferred and analyzed in a real-time daily basis.
This will result in trustworthy daily data for which evidenced-based mosquito control
decisions can be made in respect to the mosquito population in the surveillance
community at any point in time.
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CHAPTER 3:
SPATIAL-TEMPORAL DISTRIBUTION OF ANOPHELES LARVAE IN PAPOLI,
UGANDA: USING A LOCAL ANSELIN’S MORAN’S I STATISTIC TO
PRIORITIZE LARVAL HABITATS FOR MALARIA CONTROL

Abstract
A community-based mosquito surveillance program was developed and
implemented in Papoli Parish in Eastern Uganda over a 4 month period. Each day, a
trained field team sampled the larval habitats of Anopheles mosquitoes within the
population-dense areas of the community. Habitats and their productivity were
identified and plotted spatially on a daily basis. Daily output was combined and
displayed as a weekly habitat Time-Series. Additional spatial analysis was conducted
using Anselin’s Local Moran’s I statistic. Statistically significant clusters and outliers
were generated spatially in weekly models. These models identified highly significant
habitats and dictated the priority of these habitats for larval control purposes. Local
Moran’s I cluster maps were then stitched together in a temporal format to visually
demonstrate the spatial shift of statically significant, high priority habitats over the
entire study period. Utilizing this method for malaria control allows for the
optimization of control resources in a real time, community driven, fashion.
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Introduction
Anopheles mosquitoes impose an immense burden on the African population in
terms of both human health and comfort. Mosquitoes within this genus are responsible
for the transmission of the malaria parasite, not only on this continent, but on a global
scale. African malaria is driven by species located within the Anopheles gambiae complex.
The namesake of this complex, Anopheles gambiae, is an extremely anthropophilic species
that feeds almost primarily on humans and serves as the continent’s primary malaria
vector 25. This tropical species’ range spans the majority of sub-Saharan Africa, as well
as Madagascar, even making its way into the continent’s southern-most countries
during the warmer summer months26, 27. This species is of the utmost concern and
considered one of the most effective and efficient malaria vectors in the world22, 29. In
addition to Anopheles gambiae, several other Anopheline species/complexes contribute to
the continent’s malaria burden. These include Anopheles arabiensis, Anopheles
funestus, Anopheles melas, Anopheles merus, Anopheles moucheti and Anopheles nili26.
Within the African continent alone, these Anopheles vectors were responsible for
627,000 deaths in 2012. This accounted for approximately 80% of all malaria deaths for
the year3. 3 years later, in 2015, the region of sub-Saharan Africa was home to 90% of all
malaria cases, and contributed to 92% of the estimated 438,000 deaths 4, 5. Uganda, in
particular, shoulders a significant portion of this burden. This small East African nation
boasts one of the highest malaria transmission rates in the world and its entire
178

population is at risk for infection144, 145. However, despite the immense burden these
mosquitoes pose on the country, very few programs exist that directly combat the issue
at the vector control level and even fewer programs focus on the vector in its most
vulnerable juvenile stages.
The common approach to malaria control occurs with the domestic treatment of
adult vectors and an emphasis on timely healthcare10, 146, 147, 148. This approach is easily
implemented and demonstrates quick results, though targets only a small portion of the
mosquito population and only at a particular point in time. Malaria vector control is
optimally done at the larval level where the Anopheles mosquito is in its most
concentrated, immobile, and accessible state (CIA approach)82. Control in this manner
allows for often scarce resources to provide the highest possible impact. Habitats of
significance are identified by trained field surveillance teams and then treated
accordingly with the appropriate larvacide.
This approach for malaria reduction and eradication has long proven an effective
measure against the pathogen. Prior to the introduction of the potent insecticide
dichlorodiphenyltrichloroethane (DDT), and a shift to adult control strategies, this
method was predominant in antimalarial campaigns149. In fact, Fred Soper utilized
similar techniques in eradicating Africa’s most potent vector, Anopheles gambiae, after it
gained a foothold in Brazil150, 151. Larval control should optimally be implemented in the
same fashion as Dr. William Gorgas’ successful anti-malaria campaign that allowed for
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the construction of the Panama Canal. This approach assimilated larval control into an
integrated approach with synergistic interventions such as environmental
modifications, screened housing, bed nets, drugs and quarantine82. The addition of
current domestic adult treatment techniques to this array of control practices will only
optimize the desired results.
One of the biggest issues preventing the establishment of such larval control
operations is the inadequate resources often encountered in Uganda and other African
countries82. The entire region of sub-Saharan Africa contains only a small number
organized programs for controlling mosquito populations, and these are often
implemented only during epidemic periods11. It is safe to say that such programs are
overlooked or discounted based on the costs that they incur both monetarily and in
time. This was very much the case in Papoli Parish, Uganda where this study took
place.
An examination of economic costs for larval source management was conducted
in Mbita, Kenya. This city lies just under 200km from Papoli and embodies many of the
same environmental characteristics. This study found the cost per person protected per
year using such a program to range from $1.94 to $2.50 USD depending on the larvacide
formulation152. This cost is certainly not the same cost that would be experienced within
Papoli Parish, a significantly more condensed and less populated area; however, it does
illustrate the financial burden that a larval control program can place on a community.
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In an effort to combat the high cost related to larval control a statistically
significant approach was taken to spatially identify the habitats of most concern at a
specific point in time, and prioritize these habitats for treatment. The idea of randomly
dispersed larval populations and homogenous habitat productivity and structure is not
realistic when evaluating the larval composition of a community13. In contrast, habitat
productivity is far from uniform, as certain habitats contribute largely to the overall
mosquito population13, 81. Typically, mosquito larval dispersion is not evenly distributed
or even random. It is instead considered contagious, as populations tend to aggregate in
more favorable areas within the environment of the habitat56. This is especially true in
respect to seasonal rain changes, which drive the creation and removal of habitats
within a given area at a given point in time13. As a consequence, the management of
small proportions of these clustered aquatic mosquito habitats can result in large
proportional reductions in total productivity, while at the same time allowing for the
optimal utilization of scarce control resources. A theoretical model depicting this
technique found that with coverage of only 30% of habitats, the total productivity of an
area could be reduced by 70%, and the malaria incidence in intermediate transmission
areas could be similarly impacted with a reduction of 66%13. Identifying and targeting
these particularly productive habitats can result in effective larval interventions while
utilizing the minimum amount of resources13.
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The statistically significant identification and prioritization of such habitats can
be completed in an easy to interpret, spatial manner, using a Moran’s I and Local
Moran’s I statistic to measure spatial autocorrelation. Spatial autocorrelation refers to
the correlation of the values of variable with itself through space137. These spatial
analysis tools can be utilized to generate positive autocorrelation, which indicates
clustering of similar values of a variable in close geographical range, negative
autocorrelation, which indicates dissimilar values geographically nearby in space, or
randomness, which represents no autocorrelation whatsoever within a dataset137.
In terms or larval productivity for control purposes, highly productive sites
located in close spatial proximity to other highly productive habitat sites are considered
positively autocorrelated, while these same high values spatially located among low
values are negatively autocorrelated. Though of less interest for malaria control, this
same concept is true with habitats of low productivity in close spatial proximity to other
low productivity sites, and low values spatially located among high values.
Identification of such sites using this autocorrelation analysis becomes quite
advantageous based on the contagious nature of the mosquitoes themselves.
The Moran’s I statistic, as identified by Moran, 1950138 measures the
autocorrelation of a variable of interest based on the location and values present to
represent a pattern globally. Moran’s I analysis results in a score ranging from -1 to 1. A
score near 0 indicates randomness, a score near 1 indicates clustering, and a score near 182

1 indicates dispersion139. This statistic serves as an average for the entire dataset and
therefore cannot identify specific habitats or areas of significance. Utilizing this
approach; however, is quite useful in providing evidence of clustering within a dataset.
Once this is established, a more focused local form of this statistic can be utilized to
identify specific areas for which priority should be given for control practices.
For mosquito surveillance purposes, a local indicator of spatial association
(LISA) should be used. A LISA is described by Anselin141 to satisfy the following
requirements:
1. The LISA for each observation gives an indication of the extent of significant
spatial clustering of similar values around that observation.
2. The sum of LISAs for all observations is proportional to a global indicator of
spatial association141.
The preferred LISA for analyzing habitat for mosquito control is the Anselin’s
Local Moran’s I statistic. This local Moran’s I statistic will generate visual representation
of productive mosquito habitat clusters (positive autocorrelation). These clusters
represent sets of adjoining locations for which the LISA is significant141. Additionally,
this statistic identifies negative autocorrelation, or spatial outliers. The generation of
these outliers allows for the identification of statistically significant dissimilar habitat
productivity values in space. This is important, as it allows for highly productive
habitats in close proximity to low or unproductive habitats to be spatially identified.
These clusters and high outliers can then be prioritized for mosquito control practices.
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This concept was demonstrated within the community of Papoli Parish, Uganda.
A surveillance program was initiated within the community to illustrate the ability to
identify high priority habitats and clusters within a community setting in a temporal
fashion. The resulting output not only identified crucial habitats for malaria control, but
it also visually depicted the spatial change of these habitats over time. The use of these
models can be utilized short-term for real time control practices, and over the long term
to predict similar habitat distributions when conditions and seasonality are similar.

Methodology

Study Area
The community of Papoli Parish served as the study site for this research
(Appendix C: Figure C1). The demographic and geographical makeup of this
community is available in further detail in Chapter 1.
Surveillance area development
Papoli Parish is an expansive community with a multitude of possible
oviposition habitats for both vector and nuisance mosquito populations. The budget for
this project allowed for 4 full time field surveillance team members. It was not feasible
to expect these team members to cover the entirety of the community within a
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reasonable time period. As a result, the project aimed to protect the largest number of
community members with the resources available.
A high resolution multispectral QuickBird-2 satellite image was obtained from
Digital Globe via the Digital Globe Imagery Grant. This image was edited from its full
extent to depict Papoli, Parish and its closely surrounding areas. A supervised Land Use
Land Cover (LULC) was generated using this imagery within ArcGIS 10.3.1 software to
identify key land cover features within the community (Appendix C: Figure C2). The
LULC output was utilized to pinpoint the areas of highest population density within
the Parish. These highly populated areas would be further manipulated using ArcGIS
software to develop our surveillance area.
A polygon was created within the ArcGIS software to encompass the densely
populated region. A 0.5km buffer polygon was then developed around the population
density polygon (Appendix C: Figure C3). This distance of 0.5km was strategically
chosen based on the flight range of an unfed Anopheles gambiae mosquito, which has
been identified to be an extreme concern for malaria transmission within the region80.
The area contained within the 2 newly created polygons would serve as the
surveillance area. Separation of the surveillance area into 4 separate surveillance zones
was later determined based on environmental makeup and known local landmarks and
paths (Appendix C: Figure C4). These boundaries were determined with the help of the
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field team members who were to survey them, as well as with the knowledge of local
leaders.

Larval Surveillance
Surveillance took place over a 4 month period beginning in March and ending in
July of 2016. Qualified members of the Papoli community were identified and trained to
properly identify all potential mosquito larval habitats within the community. These
trained personnel were each assigned a specific surveillance zone and together
encompassed the larval surveillance field team.
Each day 1/5 of each team member’s surveillance zone was surveyed in respect
to all possible mosquito larval habitats. Each identified site was marked using a GPS
unit and given its own respective waypoint identifier prior to sampling. Sites eliciting
positive larval results were highlighted, and the resulting larvae captured in Whirl-Pak
bags labeled in respect to the site at which they were obtained.
At the conclusion of each day, all data was returned to the project manager for
processing. Habitat waypoints from each were uploaded to the field computer and
converted to .kml files before storage in a spatially referenced database. All positive
Whirl-Paks were emptied and the larval contents identified for specimens of the
Anopheles genus. The resulting count data was stored by habitat in a .csv Excel database
entitled Larval Surveillance Data. Each waypoint was given a unique habitat
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identification number (habitat ID) during its initial sampling. If sampled on an
additional occasion, its original habitat ID was utilized.
Rainfall monitoring
Surveillance was strategically initiated during the final weeks of Papoli’s dry
season in an effort to map the spatial change of larval habitats during the community’s
dry, rainy, and transitional periods.
Rainfall has long been associated with an increase in mosquito production22, 56.
Rainfall results in an increase in near-surface humidity, which directly influences the
mosquito life cycle by increasing mosquito flight activity, oviposition, and the resulting
host-seeking behavior58. An increase in abundance and variety of aquatic habitats
available for oviposition, and the subsequent larval progeny has also been
demonstrated to result from rainfall58, 59, 60.
This variable is not uniform in its impact for all mosquito species, however,
strong correlations have been shown with the key malaria vectors57. For example, due to
the temporary nature of preferred habitats, increased rainfall is associated with an
increase in Anopheles gambiae34, 35, 36. This species serves as one of Papoli’s most potent
vectors. Rainfall was monitored daily with a rain gauge placed centrally in the
community.
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Habitat Modeling
In order to generate an idea of the Anopheles habitat distribution within Papoli,
visually descriptive spatial maps were generated as daily data was obtained. These
maps were combined into weekly maps that spatially depicted the entirety of each
week’s surveillance data. Weekly maps were stitched together over time in a TimeSeries fashion to visually depict the location and count of Anopheles larva throughout
the entirety of the surveillance program.
Each week, all daily .kml files were merged to a single weekly .kml using .kml
merging software. The KML to Layer function within the ArcGIS software was then
utilized to convert the .kml file to a workable point shapefile, which was saved and
labeled to its respective week. The Larval Surveillance Data Excel database was then
joined to the spatially represented data within the ArcGIS software. Once joined,
graduated symbols and individual colors depicting larval count were created to
represent habitats of varying productivity. Graduated symbols and individual colors
were demarcated by a count of 5 Anopheles mosquitoes, beginning at 0 and ending with
a >15 category. Habiat productivity was ultimately categorized into 1 of 5 categories; 0,
1-5, 6-10, 11-15, >15. As weekly models accumulated, the temporal change of habitats
and their productivity becomes apparent. These Time-Series models are not statically
significant, but do provide stark visuals from which the understanding of local
mosquito distribution can begin.
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Spatial Autocorrelation Analysis
In addition to weekly productivity maps, maps displaying statistically significant
clustering and outliers were generated to identify areas of high concern for Anopheles
production. These maps were produced within ArcGIS software using the same weekly
joined shapefile and .csv file utilized to produce the weekly productivity map. Spatial
autocorrelation patterns were analyzed and displayed using the Spatial Statistics
Extension available in ArcGIS.
Moran’s I spatial autocorrelation
Spatial autocorrelation patterns of Anopheles larval counts were first analyzed on
a weekly basis using an inverse distance spatial relationship with a Euclidean distance
calculation via the Moran’s I Spatial Autocorrelation tool. This global statistic, first
described by Moran in 1950138, analyzes the locations and count values of each habitat
simultaneously to measure autocorrelation. The strength of the correlation between the
count values is estimated as a function of the distance between their respective
habitats140. This is calculated on average for the dataset.
The product of this analysis was used to determine clustering, randomness, or
dispersion of the data. A Moran’s I index output is generated and ranges from -1 to 1.
As the output approaches 1, the intensity of clustering increases. A score of 0 indicates
randomness, while the closer to -1 the index is, the more dispersed the data is it
represents. In respect to habitat prioritization for malaria control, our interest is focused
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on clustering. This clustering indicates statically significant groupings of habitats.
Clustering is indicated by a Moran’s I index greater than 0, a significant p-value of ≤0.10
(90% Confidence) and a z-score ≥ 1.65.
Anselin’s Local Moran’s I
The Global Moran’s I index output provides evidence of spatial autocorrelation
within the dataset, but cannot provide specific locations of autocorrelation, as it tends to
average local variations140. To visually display and analyze the spatial autocorrelation of
the data, a local indicator of spatial association (LISA) in the form of an Anselin’s Local
Moran’s I was employed. An Anselin’s Local Moran’s I was analyzed on a weekly basis
for Anopheles larval counts. This was done using an inverse distance spatial relationship
with a Euclidean distance calculation via the Cluster and Outlier Analysis (Anselin
Local Morans I) tool within ArcGIS.
The LISA generated from each point displays an indication of statistically
significant clustering of similar or dissimilar values around that point in space141. The
use of this Local Moran’s I statistic spatially depicts hot spots, cold spots, and
statistically significant spatial outliers in 1 of 4 forms: Cluster: High, Cluster: Low, High
Outlier, and Low Outlier. Cluster: High outputs can be considered hot spots. These
areas represent highly productive habitats within close proximity to each other. A High
Outlier represents a habitat that is highly productive, but surrounded by unproductive
or low productivity habitats, while Low Outlier displays a low productivity habitat
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surrounded by highly productive habitats. Cluster: Low indicates the inverse of Cluster:
High. For mosquito control purposes we prioritize Cluster: High and High Outlier
output, as these indicate our areas of highest productivity relative to overall larval
count and distance.
This identification of spatial outliers and significant hot spot clusters is our key
indicator for determining habitat priority for mosquito control purposes. All identified
Anopheline spatial outliers and significant hot spot clusters were modeled with a 0.5km
buffer. This buffer represents the flight range of an unfed Anopheles gambiae and
provides further visual evidence of what parts of the community are most at risk from
these potent malaria vectors80.

Results
The outputs generated for rainfall and the statistical analysis of Anopheles
mosquitoes are the same as those described during Chapter 3. These are repeated in an
effort to demonstrate the relationship and interaction between these outcomes and
those of the nuisance mosquitoes within the community.

Rainfall
Rainfall was tracked and recorded from the week prior to arrival, through the
training period, until the competition of the study (Appendix C: Figure C5; Table C1,
191

C2). Rainfall did not occur for weeks prior to the beginning of the study period. During
the training and preparatory periods of surveillance, rainfall occurred sporadically, and
for short periods. Water did not pool during these periods. Consistent rainfall began
during the second week of surveillance and mosquito productivity increased shortly
thereafter. Aside from a slight dip in rainfall around Week 5, rainfall was consistent and
mosquito larval habitats were abundant for approximately 2 months. Weeks 2 through
10 represented the rainy season for the community. Rainfall reduced in intensity around
Week 10 and is fairly scarce during Weeks 10 and 11. Rainfall picks back up from
Weeks 12-14, before essentially stopping completely until the conclusion of our
surveillance.
Rainfall was not statistically analyzed within the parameters of the spatial
outcomes; it instead provided context to the changes in potential habitat numbers and
location. The undulation of the resulting habitats and their productivity was captured
and displayed within spatial-temporal time-series models.

Habitat Modeling: Time-Series
Habitat models were developed on a weekly basis depicting the spatial
distribution of each habitat surveyed (Appendix C: Figure C6 - C21). These weekly
models provided an easy to decipher visual on the distribution and larval count of
productive Anopheles habitats. Stitching weekly models together allowed for the spatial
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transition of larval count per habitat to be observed over time in a time-series fashion.
This information provides an initial frame of reference for optimal locations for which
to conduct Anopheles control over the course of the surveillance program.
Habitats were extremely scarce upon the first week of surveillance due to the
long term dry conditions. This was by far the least productive week, so much so, that
almost all identified productive habitats fall outside of the surveillance boundaries in
the Southern swampy areas of the community. These areas were surveyed after all areas
within the demarcated surveillance area were surveyed and exhausted. Week 2
similarly provided few habitats, and limited Anopheles productivity. Consistent rains
began during the early portion of Week 2 and mosquito numbers increased in turn in
the following weeks.
During Week 3, clustering of productive habitats became apparent in the rice
paddies of the northeast region of the Parish, along the borders of Osia and
Pakamalung villages. As the rains increased, Anopheles positive habitats begin to appear
in the eastern and northeastern agricultural regions of the community. Concurrently,
Anopheles within the northeastern rice paddies continued to increase in abundance,
peaking in Week 9. After about 6 weeks of rain, during Weeks 8 and 9, the interior of
the community, as well as eastern agricultural lands, became highly productive with
Anopheline larvae. Visually, weeks 9 and 10 elicited the most spatially diverse and
highly productive habitat distribution.
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The rains begin to subside during Week 10, and Anopheles habitats reacted
similarly, slowly reducing in productivity and abundance. By the conclusion of the
study, in Week 16, one could observe a significant reduction in Anopheline count and
productivity, and a spatial recession from the interior of the community to locations
only in the agricultural outskirts.

Spatial Statistical Analysis
Our weekly habitat and resulting time-series models were able to visually depict
the locations of Anopheles habitat productivity and clustering over time. However, this
analysis was simply visual and could not statistically prove or provide significant
reasoning for prioritization of similarly productive habitats. This reasoning was
afforded through the implementation of weekly statistical analysis of all habitat
locations and productivity in relation to one another in space.
Moran’s I spatial autocorrelation
The Global Moran’s I statistic is not meant to, and did not, provide information
on specific habitat productivity or location within Papoli. Instead, this analysis
provided evidence that significant clustering occurred within the community. The
Global Moran’s I statistic was able to identify clustering in 11 of the 16 surveillance
weeks. Of the 5 non-clustered weeks, 3 occurred during low count dry periods. The
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remaining 2 instances fell slightly outside the range of statistical significance for
clustering (Appendix C: Table C3).
The first two weeks of sampling resulted in a pattern that was not significantly
different than that of the random. Z-scores of 0.012054 and 0.225019 and Moran’s index
outputs of -0.013066 of 0.010379 were reported for Weeks 1 and 2 respectively. This
randomness can be attributed to sample size, as only 6 positive Anopheles sites were
identified during the first week, and 7 were identified the following week. The rains
began in the midst of Week 2, and by Week 3 enough positive habitats were identified
to indicate clustering. Though only 14 sites were identified, they occurred in such a
manner that clustering was evident.
The most intense clustering occurred during Weeks 4 and 5. Moran’s Index and
z-scores were significantly higher during this two week period than any other within
the study sample. Week 4 displayed a z-score of 14.461069 along with a Moran’s index
of 0.629283, while Week 5 had slightly stronger clustering outputs with a z-score of
16.716332 and a Moran’s index of 0.622881. Significant clustering continued through
Week 6, which elicited outputs of 4.818493 and 0.251934 for the z-score and Moran’s
index.
Slight changes occurred with the output for Week’s 7 and 8, as these weeks were
just outside the parameters of clustering, and instead were categorized as random.
Week 7 had a p-value of 0.142508 and a z-score of 1.466515, while Week 8 was even
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closer to clustering with a p-value and z-score barely outside the clustering parameters,
0.105593 and 1.618322 respectively. Both weeks had a Moran’s index close to 0.05.
Clustering is indicated once again during Week 9 and continues in this fashion
until Week 15 when habitat counts significantly decreased. Week 15 generated a
Moran’s index of 0.032872, a z-score of 1.138473, and a p-value of 0.254923, thus
displaying randomness. Similar values indicative of randomness were generated for the
final week of surveillance with outputs of 0.017599 for Moran’s index, 0.591973 z-score,
and a p-value of 0.553869. Habitats scarcity during these final weeks mimicked the early
weeks of surveillance as rainfall had subsided significantly by the conclusion of the
surveillance period.
Anselin’s Local Moran’s I
In contrast to the global statistic, the Local Moran’s I statistic was able to
determine and spatially depict statistical significance for all weeks of surveillance
(Appendix C: Figure C22 – C37). The global and local patterns may not always align
since the global statistic decomposes into its various components within a LISA141. As a
result, it is possible for clustering to occur on the local level, even if it was not
established on the global level.
Clustering of highly productive habitats was identified in the southernmost part
of the community during the first week of sampling. Week 2 demonstrated no
significant clusters, but instead illustrated negative autocorrelation of interest. During
196

this week, 3 different habitat areas were identified to be significantly dissimilar to the
surrounding areas of low productivity. These areas demonstrated highly productive
Anopheles habitats surrounded by low or unproductive habitats. These areas were
labeled and depicted as High Outliers. This same week also illustrated the first instance
of an outlier or cluster of interest occurring within the highly populated area of the
community. Both of these locations were within pools of water generated by borehole
run off.
In agreement with the Global Moran’s I statistic, Weeks 3 and 4 illustrated
intense clustering. This occurred almost exclusively within the northeastern portion of
the community, which is dominated by agricultural rice cultivation. During Week 3,
one instance of High Outlier negative autocorrelation occurred in the western portion of
the community, but the spatial map clearly illustrates the area of intense concern in the
northeastern portion. During Week 4, the first instance of Low Outlier negative
autocorrelation occurs within the highly clustered northeastern portion. These areas
indicate habitat areas of low Anopheles counts in close proximity to areas of high
Anopheles counts. 4 instances of this negative autocorrelation occur, and all do so within
the High Clustered rice paddies of interest.
The northeast portion of the community remains an intense area of high
clustering throughout the entire surveillance period. This same area remains the main
area of statistically significant activity until Week 8. The most intense clustering remains
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in the northeast rice paddies during this week; however, clusters and outliers begin to
appear more prominently in other areas of the community. The west and northwest
portions of the community illustrate instances of High Clustering and High Outlier
autocorrelation. Additionally, one instance of Low Outlier autocorrelation also was
demonstrated in the western outskirts of our surveillance area.
The spatial output from Week 9 – Week 14 mimics much of what was previously
discussed. The northeastern portion of the community remains highly clustered, while
High Clusters and High Outliers occur periodically in the western and northwestern
portions of the community. Periodically during this time period, a High Outlier was
identified in the southern end of community, or a Low Outlier would occur within the
highly productive southeastern portion. These outcomes, however, were not consistent
and were generally isolated.
The clustering trend in the northeast continued during Weeks 15 and 16, but the
number of clusters dropped significantly as the rainy season came to an end.

Discussion
It is fairly obvious after 4 months of surveillance and spatial mapping that the
majority of Papoli’s Anopheles mosquitoes are originating within the northeastern
portion of the community, within the rice paddy-based agriculture. Other locations of
significance similarly become apparent as surveillance progresses temporally.
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Visually, the spatial outcomes of productive habitats are made starkly apparent
through our initial habitat modeling and resulting time-series output. In a well-funded
control operation, these spatial models alone are sufficient enough information to
dictate locations for treatment operations. In such an operation, each productive habitat
can be identified and treated. This approach is targeted, effective, and does not waste
resources by blanket treating an entire area, regardless of productivity. However,
mosquito control resources are often limited. This is especially true in the rural areas of
the world most impacted by the malaria burden. It is at this point that the Local
Moran’s I statistics demonstrates its value.
The most important contribution of the Local Moran’s I in our context is the
ability to prioritize habitats based on the spatial significance of their productivity. In
instances where resources are extremely limited this statistic will identify essential areas
for control by pinpointing the highest areas of production. Control in this fashion will
maximize the impact of all available resources.
Cluster: High and High Outlier outputs can be assessed as priority 1a and 1b for
control purposes. Highly productive clusters are of the utmost importance, as these
areas are most certainly contributing heavily to the Anopheles burden of the community.
Following slightly behind these significant clusters in importance are High Outlier
outputs. These areas of negative spatial autocorrelation pinpoint locations, in otherwise
unproductive spaces, that are significantly producing these disease vectors. The ability
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to identify and treat these locations will make a significant impact on the Anopheles
mosquito population of a community. And from this reduction in population, it can be
inferred that malaria transmission itself will follow suit.
Low Outlier and Cluster: Low outputs also provide useful information regarding
the community’s malaria vector makeup. Further analysis of these unproductive areas
may provide valuable information on the characteristics of habitats that are resulting in
the lack of production. This same approach can be taken with the High Outlier habitats
in an effort to better understand their productivity in relation to the unproductive sites
surrounding them. Integrating this knowledge into the field surveillance process can
only enhance the programs efficacy.
Other statistics for local spatial association, such as the Getis-Ord Gi* statistic
and Local Geary’s C statistic were possible candidates for analysis, but each has a
limiting factor that reduces its efficacy for use in mosquito surveillance and control. The
Getis-Ord Gi* statistic is essentially an analysis of spatial association through the
identification of hot and cold spots153. Though quite useful for identifying these areas of
positive autocorrelations, this tool does not have the ability to identify negative
autocorrelation, which represent our significant outliers. Geary’s C is quite similar to
Moran’s I, but functions in the inverse fashion. As opposed to measuring spatial
autocorrelation, this statistic is instead a spatial measurement of dissimilarity, or
negative autocorrelation. This approach can still identify both negative and positive
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autocorrelations, but has been consistently shown to be less powerful when compared
to the Moran’s I on a global level154, 155. Additionally, a univariate local Geary’s C, such
as that dictated by mosquito larval count, is more complex in the interpretation of a
location with a significant statistic when compared to both Local Moran’s I and GetisOrd156. Using a Moran’s I statistic allows for a more powerful global statistic, as well as
a simple, easy to interpret output when deconstructed to the local level.
The techniques outlined serve as a template for similar surveillance and control
operations. The variables and time frames can be manipulated to best fit the resources
of each control program. Daily modeling and subsequent control activities could be
implemented to combat productivity on a more efficient basis. This approach would
prevent emergence of late instar and pupal specimens that were identified during the
early week portions of surveillance. Similarly, pupae, as opposed to total larvae could
serve as the dependent variable for model development. Pupal count is positively
associated with habitat stability and productivity and may serve as a better indicator of
habitat of significance88.
The true driving force behind the success of the prioritization of habitats is field
surveillance. Spatial analysis is only as effective as the data it utilizes. A field team must
be well trained and disciplined in all aspects of habitat identification and sampling.
Human error is to be expected, as all habitats may not be able to be identified and
productivity may not always be exactly accurate. However, the better trained and more
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skilled each field team member is the more effective habitat prioritization in this fashion
will be.
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CHAPTER 4:
SPATIAL-TEMPORAL DISTRIBUTION OF DISEASE AND NUISANCE
MOSQUITOES IN PAPOLI, UGANDA: A COMPARATIVE ANALYSIS FOR
OPTIMAL MOSQUITO CONTROL

Abstract
Mosquitoes pose a large problem to communities all over the world. These
insects not only function as painful nuisances, but also transmit some of the world’s
most deadly and debilitating diseases. Malaria in particular results in the deaths of
hundreds of thousands people each year, many of whom reside in sub-Saharan Africa.
This study takes place in Papoli, Uganda where malaria serves as a significant issue.
The entire mosquito population in the community of Papoli was surveyed daily over a 4
month period to gain an understanding of the spatial dynamics of the local species. All
mosquito larval habitats in close relationship with the community were surveyed
weekly over this 16 week period. The data generated was charted spatially over time by
species to clearly display the succession of all habitats. Further statistical analysis took
place analyzing identified habitats spatially to determine particular areas of concern
and their progression though time. Nuisance biting and malaria transmitting Anopheles
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mosquitoes were analyzed separately and compared on a weekly basis to illustrate their
differences as well as to prioritize habitats for control purposes.

Introduction
The mosquito may have the strongest influence on human health and comfort of
any animal on earth. In fact, more than half of the world’s population is at risk for a
mosquito borne infection22. The impact of this insect ranges from simple annoyance, to
extreme human morbidity, to over a million human deaths a year1. A variety of viral
and parasitic infections are transmitted by these disease vectors. Malaria, Dengue,
Chikungunya, West Nile fever, Japanese encephalitis, Zika, and lymphatic filariasis are
only a few of the most common examples impacting communities on a worldwide
stage22, 157.
In addition to the immense burden to human health posed by mosquitoes, the
impact on human comfort cannot be discounted. Nuisance biting is often an overlooked
aspect of disease related mosquito control interventions. This is evidenced by the lack of
current literature available on the subject. However, based on personal correspondence
with community members located in disease endemic areas, it was not uncommon to
find that preventing or eliminating the painful daily nuisance biting to be considered
equally as important as preventing or eliminating disease transmission. In any sense, it
is quite apparent that the ability to monitor and control all mosquito populations, both
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vector and nuisance, is crucial for the quality of life of all communities in which they
inhabit.
One of the most particularly vulnerable places on earth for mosquito borne
issues is the continent of Africa. Malaria transmission is the most obvious example of
this insect’s impact on the region. Approximately 80% of the worlds estimated 627,000
malaria deaths in 2012 occurred in Africa3. Only 3 years later, in 2015, sub-Saharan
Africa in particular was home to 90% of all malaria cases, and contributed to 92% of the
estimated 438,000 deaths 4, 5. Additionally, these insects transmit other deadly and
debilitating diseases throughout the continent such as yellow fever6, lymphatic
filariasis7, and rift valley fever8 9.
This research took place in the community of Papoli Parish, located in rural
Uganda. Malaria is an extremely serious issue within the country as its entire
population is at risk for infection and has demonstrated some of the highest malaria
transmission rates on earth144, 145. In 2014, $120 million USD was spent in Uganda alone
to combat this issue145. Unsurprisingly, the community of Papoli is not exempt from this
malaria burden. A cross sectional study in the city of Tororo, located only about 16km
from Papoli, found a parasite prevalence of 90.6% in the study sample of 1-9yr old
children158. This is an extremely high rate of circulating parasites, and from this
information it is easy to surmise that the majority of the population is infected on a
yearly basis.
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Malaria is transmitted by mosquitoes of the Anopheles genus. This genus contains
more than 400 species, of which 41 are considered dominant vector species for human
malaria transmission22, 159, 160, 161. Of these 41 dominant vectors, the most efficient, and
arguably important, malaria vectors in the world reside within the Anopheles gambiae
complex22.
Anopheles gambiae and Anopheles arabiensis are the most potent vectors within this
complex and both are present within Papoli’s boundaries22, 24. A third competent vector
species, Anopheles funestus, is also present in the community. Combined with the
discussed vectors from the Anopheles gambiae complex, these mosquitoes form a
dominant vector trio for the majority of the African continent162.
In addition to the disease vectors of Papoli, a significant population of nuisance
mosquito species also reside within the community boundaries. There is very little
literature related to the nuisance population of this region, although Culex mosquitoes
were identified as key nuisance biters in the nearby country of Tanzania54. Previous
unpublished research conducted within Papoli confirmed this, as numerous nuisance
species of the Culex genus were observed, along with species of the Coquillettidia and
Mansonia genera.
In order to gain a grasp on the species composition of both disease and nuisance
species within Papoli, a thorough surveillance program must be developed. Such a
program allows for the identification of the true nature and extent of an area’s mosquito
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problem55. A larval surveillance program was developed within the borders of Papoli
Parish, Uganda to achieve this goal. Targeting mosquitoes in this immature state is the
optimal approach for maximizing results. Control during these larval stages allows for
access to the mosquito in its most concentrated, immobile, and accessible state (CIA
Approach)82. This approach not only impacts a large number of mosquitoes in a small
area, but also allows for the optimization of often scarce resources. Additionally,
surveillance data identifying critical mosquito breeding sites is essential for the
implementation of any vector control intervention deemed necessary157.
The daily output generated during surveillance was separated into specific
databases for Anopheles and non-Anopheles nuisance mosquitoes. This data was then
analyzed on spatial level using Quickbird-2 satellite imagery of Papoli and ArcGIS
10.3.1 software. This software allows for the manipulation of data into easy to interpret,
visual, spatial models. These models allow for the clear illustration of the count and
distribution of each set of mosquitoes at a particular point in time. Once mapped, these
two groups can be compared on a spatial level to identify areas of concern within the
community at any point during the surveillance process. As these maps are generated
over time, they can be stitched together as a time-series to demonstrate the spatialtemporal changes of the community’s mosquito populations.
Further statistical evaluation took place using a Moran’s I and Local Moran’s I
statistic. These models evaluate our data on a spatial level in a statistically significant
207

manner. Moran’s I is a statistically significant tool used to measure spatial
autocorrelation138. Spatial autocorrelation refers to the correlation of the values of a
variable with itself through space137. The Moran’s I statistic, as identified by Moran,
1950138 measures the autocorrelation of a variable of interest based on the location and
values present to represent a pattern globally. The closer the locations are to each other
the more weight their variables are given. This output of this statistic is used to provide
evidence of clustering within our dataset. A local form of this statistic, Anselin’s Local
Moran’s I statistic, is then implemented to represent this clustering on a spatial level, as
the Moran’s I itself is a global statistic that averages local variations, and only provides
evidence of this spatial autocorrelation140.
Anselin’s Local Moran’s I statistic is a local indicator of spatial association (LISA).
For each habitat in our dataset, a LISA will give an indication of the extent of significant
spatial clustering of similar habitats, in terms of larval count, around it141. This is
important because biological data is generally skewed, non-random, and expected to be
clustered130, 134. Mosquito habitat productivity is similarly non-uniform. In Africa this
leads to certain habitats contributing largely to the overall mosquito population13, 81. The
Anselin’s Local Moran’s I statistic allows for the identification of these habitats.
In this study, Anselin’s local Moran’s I will identify clusters of high larval count
habitats in close proximity to other of high larval count habitats, low larval count
habitats in close proximity to other of low larval count habitats, as well as significant
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outliers represented by high larval count habitats surrounded by low larval count
habitats, and low larval count habitats surrounded by high larval count habitats. These
clusters represent sets of adjoining locations for which the LISA is significant and can be
interpreted to represent high priority habitats for mosquito control practices141.
The Anselin’s Local Moran’s I output will be displayed visually on a weekly
basis using the ArcGIS software for both Anopheles and nuisance mosquitoes. This will
allow for a statistically significant comparison of habitats on a spatial platform. In a
similar fashion to the maps generated to display the entire mosquito population, the
local Moran’s I maps will be stitched together over time as a time-series to represent
significant habitats in a spatial-temporal fashion. These maps will accompany those
exhibiting the entire larval population to generate a comprehensive picture of the
community’s larval habitat distribution.

Methodology

Study Area
The community of Papoli Parish served as the study site for this research
(Appendix D: Figure D1). The demographic and geographical makeup of this
community is available in further detail in Chapter 1.
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Surveillance area development
The methodology utilized in the development the surveillance area are the exact
techniques described in Chapter 3 of this thesis. This chapter can be referenced for a
detailed explanation of the procedure.

Larval Surveillance
The process utilized during larval surveillance is extremely similar to the process
utilized in Chapter 3. The only difference involved the introduction of non-Anopheles
nuisance larval counts and is described in the following paragraphs. As a result, certain
aspects are repeated with slight amendments to add context and to further clarify the
process.
As described in Chapter 3, at the conclusion of each day, all data was returned to
the project manager for processing. Habitat waypoints from each were uploaded to the
field computer and converted to .kml files, before storage in a spatially referenced
database. It is at this juncture that the larval surveillance process differed.
All positive Whirl-Paks were emptied and the larval contents identified for
specimens of both Anopheles and non-Anopheles nuisance genera. Additionally, the
mosquito larval counts were recorded by genus in respect to instar and pupal stages.
Late instar, and especially pupal counts, are strongly indicative of site productivity.
Larvae in this stage tend to have lower mortality when compared to the early instar
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growth stages. In nearby western Kenya, pupae of our species of interest, those within
the Anopheles gambiae complex, were shown to be strong a proxy for site productivity88.
The resulting genus and instar count data were recorded and stored by habitat
location in a .csv Excel database entitled Larval Surveillance Data. Each waypoint
location was given a unique habitat identification number (habitat ID) during its initial
sampling. If sampled on an additional occasion, its original habitat ID was utilized. The
site type for each location was also identified and recorded in respect to each habitat ID
within this database. The site types sampled included puddle, tire track, animal track,
roadside ditch, ditch/hole, agriculture, tire, storage, stream, swamp, fishpond, well,
bridge, pond, and other.
To obtain the non-Anopheles nuisance makeup of each habitat ID, a column
within the database was created specifically for data regarding non-Anopheles larval
species. This column used the Sum function within Excel to add all the non-Anopheles
counts for an individual site, and represent their sum in the non-Anopheles column.
Columns were also generated in the same fashion for early instar non-Anopheles counts
and late instar non-Anopheles counts.

Rainfall Monitoring
The process for rainfall monitoring is the exact process utilized in Chapter 3. This
chapter can be referenced for a detailed explanation of the procedure.
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Habitat Modeling
The process for habitat modeling closely mimics the process utilized in Chapter
3. However, the addition of the non-Anopheles nuisance population slightly amends
certain aspects of the procedure. As a result, some repetition from Chapter 3 is included
in the description of the procedure below.
In order to generate an idea of the larval habitat distribution within Papoli,
visually descriptive spatial maps were generated as daily data was obtained. Data for
Anopheles and non-Anopheles nuisance species were stored in the same database,
however, each larval grouping generated a separate distribution map for the week.
A variable containing all Anopheles habitats, labeled Total Anopheles, was used for
Anopheles analysis. Of the 20,057 larvae identified in this study approximately 18%
(3,639) were identified as Anopheles. The extreme health consequences resulting from
these vectors led to their complete analysis, regardless of instar or pupal stage. The low
count of Anopheles species relative to the mosquito population also contributed to this
decision. Nuisance mosquitoes were analyzed in a more traditional late stage fashion
using a variable for all late stage nuisance mosquitoes, labeled Late Stage Nuisance.
Pupae were not used in this analysis, as cohabitation of species was common in habitats
making pupal species identification unreliable.
Each week, all daily .kml files were merged to a single weekly .kml using .kml
merging software. The KML to Layer function within the ArcGIS software was then
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utilized to convert the .kml file to a workable point shapefile which was saved and
labeled to its respective week. The Larval Surveillance Data Excel database was then
joined to the spatially represented data within the ArcGIS software. Once joined,
graduated symbols and individual colors depicting the larval count of interest were
created to represent habitats of varying productivity. Graduated symbols and
individual colors demarcated by a count of 5 for Anopheles mosquitoes were utilized to
generate 5 tiers of productivity. These tiers visually represented larval count categories
of 0, 1-5, 6-10, 11-15, and >15. Non-Anopheles mosquito counts were generally much
higher on a weekly basis, and as a result, the graduation of symbols occurred at a
different 5 tiered ratio: 0, 1-5, 5-15, 15-25, and >25. The colors for each tier remained the
same between both larval groups.
Spatial models displaying this daily larval surveillance output were combined
each week into a weekly model. These models spatially depicted the larval distribution
of the entirety of Papoli for each larval group in a descriptive map form. As weekly
maps accumulated, they were stitched together in a time-series form to represent the
temporal change of habitats and their productivity. These Time-series models are not
statically significant, but do provide stark visuals from which the process of decision
making can begin.
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Spatial Autocorrelation Analysis
In addition to weekly productivity maps, maps displaying statistically significant
clustering and outliers were generated to identify areas of high concern for both sets of
larval habitats. These maps were produced within ArcGIS software using the same
weekly joined shapefile and .csv file utilized to produce the weekly productivity map.
Spatial autocorrelation patterns were analyzed and displayed using the Spatial Statistics
Extension available in ArcGIS.
Moran’s I spatial autocorrelation
The Moran’s I spatial autocorrelation process followed the exact procedure
described in Chapter 3. The only variance in this chapter is that this procedure was
conducted upon both Anopheles and non-Anopheles nuisance larval counts. Chapter 3
can be referenced for a detailed explanation of the procedure.
Anselin’s Local Moran’s I
The Anselin’s Local Moran’s I process followed the exact procedure described in
Chapter 3. The only variance in this chapter is that this procedure was conducted upon
both Anopheles and non-Anopheles nuisance larval counts. Chapter 3 can be referenced
for a detailed explanation of the procedure.
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Results

Rainfall
Rainfall was tracked and recorded daily from the week prior to arrival, through
the training period, until the competition of the study (Appendix D: Figure D2, D3).
Rainfall data was not utilized statistically in any of the spatial models; instead, it served
as a supplement to help understand the changing dynamics of mosquito habitat
productivity and location temporally.
Rainfall did not occur for weeks prior to the beginning of the study period.
During the training and preparatory periods of surveillance rainfall occurred
sporadically, and for short periods. Water did not pool during these periods. Significant
rainfall began just as the second week of surveillance was beginning. Aside from a
slight dip in rainfall around Week 4-5, rainfall was consistent for approximately 2
months. Starting during Week 10, rainfall showed a significant reduction in intensity
and constancy. For approximately 3 weeks, starting at the onset of Week 10, rain was
fairly scarce. This was followed by a period slightly longer than a week, spanning from
the last days of Week 12 to the first day of Week 14, where rainfall picked up slightly,
before essentially stopping completely until the conclusion of our surveillance.
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Total Larval Output
Weekly larval counts for both sets of larvae generally mimicked the community’s
rainfall patterns, with an approximate one week buffer for larval development
(Appendix D: Table D1). The first 2 weeks of sampling resulted in the lowest larval
counts of the surveillance period, as these were conducted at the conclusion of a
prolonged dry period. Significant rainfall began just as the second week of surveillance
was beginning and mosquito productivity increased shortly thereafter between Weeks 3
and 4. Collectively, Anopheles larval counts generated between Weeks 1 and 2 to Weeks
3 and 4, larval increased from 32 to 278, while non-Anopheles nuisance specimens rose
from 253 to 505.
In general, once the larval count of both larval groups increased beginning in
Week 2, they steadily increased until a reaching a collective peak during Week 9. This
time period represented the most consistent and intense rainfall patterns. This trend
was not completely linear as slight fluctuations were observed between the two larval
groups during this 2 month period. A short reduction in rainfall, for example, occurring
within Weeks 4-5, is represented by a slight decrease in overall production for both
larval groups in Week 6. The return of consistent rains in Week 6 resulted in larval
increases the following week and this continued through Week 9. Larval counts begin a
steady decline starting at Week 10, which was consistent with declining rainfall.
Comparatively, the weekly Anopheles and nuisance larvae production was fairly
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congruent, though a few weeks did elicit conflicting outcomes (Appendix D: Figure
D4).
For the first 6 weeks the count trends of both groups mimic each other almost
exactly, with the late nuisance group only differing in overall count total. Weeks 7 and
8, however, demonstrated vastly different outcomes. Overall counts for Anopheles
remained almost the same for Week 7, increasing only slightly from 233 to 238, while
nuisance mosquitoes increased significantly from 485 to 1290 (Appendix D: Figure D5,
D6). Week 8 demonstrated another opposite trend in counts, with a significant drop in
nuisance mosquitoes and a slight increase in Anopheles. Larval outcomes from Week 9
through the conclusion of the surveillance program generally parallel each other in
decline.

Habitat Makeup and Productivity
Each week throughout the surveillance period, potential larval habitats were
identified and sampled. The temporal changes in the prominence and productivity of
habitat types were recorded in respect to the larval group of interest. This information
provided vital clues to the habitat dynamics of Papoli’s mosquito population as
conditions shifted from a dry period, to a rainy period, and back to a dry period. The
weekly habitat productivity for each habitat by larval group is available in (Appendix
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D: Table D2, D3; Figure D7, D8). Similarly the single most prominent and productive
habitat for each week is described in Appendix D: Table D4, D5.
Week 1 and 2 were responsible for only a minimal number of potential habitats
for both groups of larvae. Anopheles habitats were extremely rare during this period, as
only 6 and 7 total habitats were identified in the respective weeks. The swamp habitat
was the most common during Week 1, encompassing 2 of the 6 total habitats for the
week. Results from Week 2 demonstrated well habitats as the most predominant,
making up 4 of the 7 potential habitats. The 2 stream bed habitats identified during
Week 2 were discovered far beyond the surveillance borders, as the field team member
was unable to find potential habitats within their zone as a result of the extremely dry
conditions. The most productive Anopheline habitat in Week 1 was shared between
agriculture and wells, both of which produced a total of 3 specimens. Wells separated
from agriculture in Week 2 and was the most productive habitat, producing 12
Anopheles specimens.
Nuisance mosquitoes were only found in 20 and 22 habitats during this same 2
week time period, although in higher numbers. Water storage containers were the most
prominent source of nuisance mosquitoes during Week 1, but agriculture was the most
common habitat. Agriculture did produce the next highest specimen count during this
initial week at 50 specimens, but this was 17 specimens fewer than that of water storage
containers. During Week 2, local wells were the most prominent and productive
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habitats by a considerable margin, producing almost half of the total habitats and
nuisance larvae.
Almost all of the Anopheles specimens in Week 3 were generated from
agricultural habitats. These were also far and away the most prominent habitats
consisting of 12 of the 14 total habitats and producing 49 of the 55 total specimens. This
began a trend of agricultural habitat dominance for Anopheles productivity and
predominance that would last until the completion of the surveillance program.
Nuisance mosquitoes behaved slightly differently during this week. Agriculture was
the second most prominent habitat, but contributed in a minor fashion to the overall
productivity, producing only 11 of the 193 late stage nuisance specimens. Storage
containers were instead the most prominent habitat, producing 7 of the 27 habitats
identified for the week. This same habitat was responsible for about 25% of all larva,
producing 49 specimens. The most productive habitat type this week, however, were
puddles, which produced 88 specimens from only 3 habitats.
A large increase in total habitats and larval counts occurred from Week 3 to
Week 4 with both sets of larvae. Anopheles larval production and habitat type were once
again dominated by the agricultural areas of the community. 150 of the 223 total
Anopheline specimens came out of agriculture, which also composed 30 of the 48 total
habitats. Similarly, the most common habitat for nuisance mosquitoes this week was
agriculture. However in terms of total production, container habitats were by far the
219

most productive. Only 8 habitats of the 55 positively identified habitats were containers,
but these habitats produced 137 of the week’s 312 nuisance mosquitoes.
The Anopheline agricultural trend continued with Week 5. This genus was once
again predominantly located within the community’s agricultural areas and in
particularly high numbers. Of the 338 total mosquitoes of the Anopheles genus identified
this week, 231 came from agricultural habitats. This same habitat type also served as the
most prominent habitat for positively identified nuisance mosquitoes.
For the second straight week, storage containers contributed the highest overall
numbers of nuisance mosquitoes. Water storage containers produced 197 nuisance
specimens, while agriculture was close behind with 122. Ditches and holes also
contributed significantly to the weekly count with 98 of the 512 total specimens.
A slight drop in overall productivity occurred during Week 6. This is also clearly
represented in the reduction of total habitats identified. Anopheline habitats dropped
from 56 to 40 and did not demonstrate an increase again until week 8. Nuisance habitat
numbers in contrast did not drop, instead they remained in the same general range
moving from 72 total habitats in Week 5 to 76 in Week 6. This was however, a shift from
the steady increase that had been demonstrated since Week 3.
In terms of productivity and habitat dominance, not much changed with the
Anopheles larval group. Agricultural, once again, was the dominant habitat. 26 of the 40
habitats were agricultural based and they generated 142 of the 233 total weekly
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Anopheles mosquitoes. In a similar fashion to the week prior, nuisance mosquitoes
preferred agricultural sites, but were most productive within water storage containers.
Of the 76 total nuisance sites identified, 29 were agricultural and produced 130 larvae.
Only 8 water storage containers were identified, but they produced 198 of the 485 total
nuisance larvae for the week.
Week 7 represented the starkest contrast between the two groups of larvae.
Anopheles larvae remained at almost exactly the same productivity, while nuisance
larvae spiked to their highest count of the entire surveillance period. Agriculture once
again represented the most prominent and productive habitat for Anopheles larvae this
week. There was very little shift at all from the week prior for this genus, as agriculture
continued to be the dominant habitat preference. Nuisance mosquitoes emulate their
Anopheline counterparts this week, with agriculture proving the dominant habitat for
both production and overall count. 1290 total nuisance mosquitoes were obtained this
week, and 448 were a result of agricultural habitats. This same habitat type made up 43
of the 108 total habitats for the week. Storage containers were the next most productive
habitat generating 398 specimens from only 11 habitats.
A marked increase occurred with Anopheles larval and habitat count during
Week 8. The total habitat count rose from 38 to 73, and resulted in approximately 100
more specimens than the previous week. Per the trend, agriculture remained the most
prominent and productive habitat type. About 50% of productive habitats (37 of 73) and
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120 of the 323 specimens came from agricultural habitats this week. Compared to Week
7, the overall count of nuisance mosquitoes dropped significantly. The total habitat
count dropped as well, falling from 108 to 89 positively identified habitats. In a similar
fashion to Anopheline habitats, agriculture was the dominant habitat type for nuisance
mosquitoes this week. However, the most productive habitat was storage containers,
producing 242 nuisance specimens from only 10 productive habitats.
Positively identified productive habitats reached their peak for both larval
groups during Week 9. Anopheles specimens were obtained from 93 habitats this week,
with the majority once again coming from agricultural habitats. This same habitat type
was once again the most productive with a total of 331 specimens. This was followed by
ditch and puddle habitats at 200 and 118 specimens respectively. 127 total habits were
identified positively for nuisance mosquitoes during Week 9. In the same fashion as the
Anopheles habitats, agricultural was the most prominent and productive habitat type,
producing 336 specimens from 49 habitats. High larval counts were also obtained from
storage containers, ditches/holes, and wells.
Week 10 marked the end of significant increases in productive habitats and larval
counts for both groups of larvae. This is demonstrated by the minimal change in
Anopheles mosquito habitat and productivity counts for the week. About the same
number of productive habitats occurred this week, 90, as occurred the previous week,
93. Of these habitats, agriculture continued to be the most prominent and productive. A
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slight reduction in nuisance habitats occurred during the Week 10, reducing from 127 to
98. In terms of habitat prominence agriculture was once again the predominant habitat
type, though second in total productivity. The most productive habitat type rotated
back to water storage containers which produced 246 of the 765 total weekly nuisance
specimens.
Agriculture showed almost complete dominance in respect to Anopheles larvae
during Week 11. This habitat type was responsible for 45 of the 73 total positive
Anopheline habitats and 268 of the 388 total specimens. This same trend was
demonstrated with nuisance mosquitoes during this week, as agriculture stood out as
the most productive and common habitat though to a slightly smaller extent. Of the 99
total nuisance habitats, 43 were agricultural based. These 43 habitats produced 199 of
the 506 total nuisance specimens.
Week 12 emulated Week 11, as both sets of larvae were once again dominated by
agricultural habits. This habitat composed 24 of the 46 productive Anopheline habitats
and 38 of the 71 productive nuisance habitats. Over 50% of the total Anopheline larval
production for Week 12, 66 of 124, was generated within these agricultural habitats.
This percentage was slightly less for nuisance mosquitoes, but agriculture was still quite
a dominate habitat, producing 234 of the 554 nuisance larvae.
Agriculture remained an extremely important habitat type during Week 13. This
was starkly apparent with the weekly Anopheline output. This habitat type was by far
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the most predominant and productive as it composed 37 of the 58 total habitats and
produced 89 of 130 total specimens. The next closest habitat was that of puddles which
produced 15 specimens from 6 habitats.
Similarly, agriculture continued to serve as the predominant habitat type for
nuisance mosquitoes during Week 13. However, ditch or hole habitats were
demonstrated to be almost as common and even more productive during this time
period. Of the 74 positive nuisance habitats surveyed during Week 13, 27 were
attributed to agriculture and 18 to ditches or holes. However, these ditch or hole
habitats produced 103 total specimens compared to 82 obtained from agricultural
habitats.
Weeks 14 to 16 demonstrated a steady reduction in all overall habitat counts and
productivity variables for both sets of larvae. The predominant habitat, as well as the
most productive habitats for all weeks, in this time period is that of agriculture.
Agriculture composed 25 of 54, 16 of 34, and 12 of 22 of all productive Anopheline
habitats for the time period. These same sites generated a substantial majority of all
Anopheles specimens for Weeks 14, 15, 16. This trend was similarly apparent between
agriculture and nuisance mosquitoes.
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Spatial Habitat Modeling
Models generated on a weekly basis allow for the full extent of habitat locations
and their associated larval counts to be displayed visually. A model was created for
both Anopheles and nuisance mosquitoes on a weekly basis to provide a thorough
impression of areas of concern for both larval groups (Appendix D: Figure D9).
Comparing and contrasting these models allows for a greater understanding of the
spatial dynamics of the community’s mosquito population through time.
Weeks 1 to 3 were fairly similar in regards to their productivity and locations.
This period had the lowest habitat count and productivity level within the surveillance
program, as it was conducted at the end of a prolonged dry period. Week 1 showed
very few Anopheles habitats, none of which produced more than 5 larvae. These habitats
were mainly located at the extreme southern end of our study area at the edge of a
swampy environment. A single habitat was also located in the western portion of the
community in a similar environment. Nuisance mosquitoes were a bit more active
during this time period, but still were identified in fairly few habitats. 16 habitats were
discovered to contain nuisance larvae, and these were fairly well dispersed throughout
the community. Productive sites were identified in 2 specific locations that are visually
displayed in the southern part of the community and on the western outskirts of the
highly populated interior of Papoli.
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The larval characteristics for both sets of larvae during Week 2 look very much
like that of Week 1. The nuisance mosquitoes for this week were dispersed throughout
the community fairly evenly, though the southern region was not represented.
Week 3 represented the beginning of the increase in the number of habitats and
their associated mosquito counts. A clustering of Anopheles was clearly demonstrated in
the northeastern portion of Papoli. A low number of habitats could also be identified
within the western portion of the community. Nuisance mosquito habitats, on the other
hand, were more dispersed within the community this week. These habitats were
shown to occur in their highest numbers in similar locations to that of the Anopheles
group: the northeast and western portions of the community, as well as the populated
central area between these 2 regions.
Anopheles clustering becomes even more apparent in the northeastern portion of
the community during Week 4. The northeastern portion of the community contained
the majority of habitats, as well as the most productive habitats. Additional positive
habitats were sparsely located in the west, northwest, and southern areas, but were
fairly low in productivity. Nuisance mosquitoes this week were located in the north,
northeast, and northwest portions of the community, showing slight overlap with
Anopheles habitats in the northeast and northwestern areas. Both the western and
southern regions did demonstrate some production, but generated a low number of
positive habitats.
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The trend of Anopheline clustering continued and become extremely apparent
during Week 5 in the northeastern portion of the community. This is the only area
within the surveillance area that contains habitats producing greater than 5 larvae.
Weekly low count habitats are identified in the western, southern, and central
populated portions of the community. In contrast, productive nuisance habitats are
fairly dispersed throughout the community during Week 5, although there is very little
overlap with any Anopheline habitats. Highly productive clusters can be identified in
the north, northwest, and southern parts of Papoli. The southern portion demonstrated
an increase in productivity this week, while the western area continued to be
productive, but only with low count habitats. The north and northwestern areas of
Papoli were visually demonstrated to be the most productive for the week. This output
is fairly consistent in terms of habitat productivity compared to the previous week.
Almost all of the Anopheles obtained during Week 6 are shown clustered within
the northeastern portion of the community. Nuisance mosquitoes, however, were much
more dispersed. The northern portion of the community demonstrated continued high
productivity in a tightly clustered area. The south and southwestern portions were also
featured this week, demonstrating similar productivity to Week 5. Clusters of low
nuisance count habitats were also apparent in the northeast, northwest, and western
portions of the community.
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Week 7 marks the first real variance in Anopheles habitat location. The
northeastern agricultural area remained the most productive area by an obvious
margin, but highly productive habitats appeared for the first time in the southern and
western portions of the surveillance area. In general, these areas contained habitats
displaying low counts, but for the first time also contain a habitat containing greater
than 10 larvae.
Larval counts spiked significantly in Week 7 for nuisance mosquitoes. This
occurrence is quite apparent in our spatial model, as a large increase in highly
productive habitats is displayed. The southern portion of the community has a large
cluster of highly productive sites and stands out as an area of concern. The north and
northwest also demonstrate a multitude of habitats, with the higher numbers occurring
in the northern portion. There is very little overlap with Anopheles habitats, but it is
apparent in low numbers in the northeastern area that is dominated by Anopheline
larvae, as well as in portions of the western outskirts of the surveillance border.
A steady increase in Anopheles larval count can be observed during Week 8. The
western portion of the surveillance area continued to increase in habitat count and
productivity, displaying 3 of the 4 most productive habitats of the week. The majority of
the habitats still remained clustered heavily in the northeast portion, but this is the first
week where they were not blatantly dominant. Nuisance larval count dropped
significantly from Week 7, and once again this is very apparent in the model. The
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northern part of the surveillance area contains all the most productive habitats, and is
easily the most important region for the week. Additionally, the southern and
northwestern parts of the community demonstrate clustering and highly productive
habitats respectively for the week. Once again, there is very little overlap with the two
groups of mosquitoes. This overlap does occur to a small extent in the northeast and
northwest portions of the surveillance area, but only minimally and with low
productivity habitats.
The highest total productivity week of both groups combined occurred during
Week 9; and once again this is made quite clear from the models generated. The
northeastern portion of Papoli represented the key area of concern for Anopheline
habitats. This area produced a very large number of highly productive sites with
significant clustering. This high productivity made its way thought the central portion
of the community, into the area of high population density. The remainder of the
community was composed scattered low production habitats, with the majority of them
occurring the southern and northwestern regions. Productive habitats for nuisance
mosquitoes were much more dispersed during Week 9 than that of Anopheles. Multiple
areas within the community demonstrated high habitat counts and productivity
numbers. The north and western areas were extremely productive, with the northwest
and southern areas following suit. The southern portion displayed strong clustering of
medium to the most highly productive sits. One of the more concerning aspects this
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week is the amount of highly productive sites occurring within the highly populated
portion of the community. Habitats displaying a productivity of greater than 25 were
located within the boundaries of the community’s most populated area, while another 3
lay directly outside these boundaries, and well within the flight range of most mosquito
species.
The Anopheles output for Week 10 remains fairly in line with that from the
previous week. Spatially, the western portion of the survey area shows strong
clustering and multiple high productivity sites. A few high productive sites are located
centrally, while the northwest and southern portions display intermittent low
productivity habitats. However, once again, the most significant portion of the
surveillance area in terms of habitat productivity and count is the northeastern area. In
contrast, the nuisance mosquitoes this week are of most concern in the north, south, and
central areas of the community. The northern area displayed high larval counts, as well
as clustering, while the southern area produced lower larval counts, but a higher
number of habitats and in closer proximity. The centrally located sites are once again
concerning. These habitats are predominantly habitats displaying the highest level of
productivity and are located within the community’s most highly populated region.
Located within this area are 3 of the 5 sites for Week 10 containing a larval count greater
than 25.
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A slight decrease in overall Anopheles larval counts occurred during Week 11.
However, once again, the majority were located in the northeastern portion of the
surveillance area. Larval activity is demonstrated in the northwestern, southern, and
western areas, but none of the sites identified were overly productive relative to the
northeast. Habitats of nuisance larvae reduced as well during Week 11. This is
especially true with specific habitat productivity. Only 2 habitats demonstrated the
highest category of productivity this week, and only 1 habitat from next highest tier was
observed. Instead, the majority of productivity came from the low and mid-tier larval
count range. Clusters of these sites were demonstrated in the northeast area
overlapping that of significant Anopheles production, as well as the northwest, south,
and western portions. The southern portion stood out in significance by displaying a
site categorized in the highest tier of productivity. A second site of similar productivity
was shown isolated centrally in the high population area.
The larval habitat models generated for Week 12 clearly demonstrate a reduction
in Anopheles habitats and their productivity. Only 3 habitats surveyed this week
produced larvae in amounts greater than 5, and these habitats fell into the only slightly
more productive 6-10 tier. Spatially, the southeastern area remained the most
productive, but it does not noticeably stand out as it had in previous weeks. Habitats of
interest are also visible in the northwest and western parts of the surveillance area.
Nuisance mosquito habitat count and productivity did not drop as significantly during
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this week compared to Anopheles. The northeast, northwest, and southern portions of
the community all demonstrated clustering of habitats and habitats of high
productivity. The southern section starkly demonstrates this. The southeastern area
overlaps with the most productive Anopeheles area, while the northwestern area also
shows slight overlap with their Anopheles counterparts.
The distribution of productive Anopheline habitats remained fairly isolated in
the key northeastern portion of the surveillance area during Week 13. The western
portion of the surveillance area was demonstrated to be a secondary area of habitat
productivity, but in very low numbers. Only 4 habitats generated greater than 5 larvae
this week and these habitats fell into the second 5-10 larvae tier. The majority, 3, of these
habitats were located in the northeastern area, with the remaining habitat occurring in
the west. Nuisance mosquitoes this week were fairly dispersed, but clustered in 3 main
areas; the south, northeast, and northwestern regions of the surveillance area.
Intermittent habitats were also visible in the central and west areas. The southern
area demonstrated the most clustering of habitats, though only one habitat produced
greater than 15 specimens, and most were in the 6-15 specimen range. The northeastern
clusters overlapped with the week’s highly productive Anopheles habitats, but were
almost all the lowest tier of productivity. A cluster of low productivity habitats
occurred in the western area, with the most productive habitat of the week occurring in
the western portion of the densely populated region of Papoli.
232

Anopheles habitat distribution and productivity mimicked Week 13 almost
exactly in Week 14, with the northeast and western portions of the surveillance area
proving dominant. Nuisance mosquitoes overlapped Anopheles once again in the
northeaster portion, but the southern area was demonstrated to be the most habitat
dense and productive. The northwestern area also demonstrated clustering of lower
productive habitats, while the central highly populated region produced a handful of
productive habitats.
The models for Week 15 demonstrate a stark reduction of overall productivity for
both sets of larvae. Anopheles habitat count and productivity drops significantly as
evidence by the weekly model. The northeastern area of consistent interest is still
productive but on a reduced scale. Intermittent low production habitats can be
visualized in the northwest and western areas. The western portion has 2 of the 3 most
productive sites for the week, but these are fairly isolated and only in the 6-10 specimen
range.
Larval habitat and productivity reduction was also quite apparent with nuisance
mosquitoes in Week 15. However, there was still a bit more production when compared
to Anopheles. The same key areas of production occurred this week as the week prior,
with the south, northeast, and northwestern portions demonstrating clusters of habitat
productivity. The northeastern portion overlaps once again with productive areas for
Anopheles mosquitoes and also contains the highest productivity habitat for the week
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which is found within the 16-25 tier. The southern and northwestern areas both
demonstrate clustering of productive habitats, although no habits are above the median
6-15 larval range. The most productive habitat is isolated in the central populated
portion of the community.
Week 16 continues to visually depict the reduction in overall habitat
characteristics for the surveillance area. The Anopheles model for the week barely
demonstrates the presence of these species within the surveillance area. The highest
number of habitats respective to the week occurred once again in the northeastern
portion, though this area only displayed 10 habitats. 6 habitats are seen in the western
portion, while 6 other habitats can be visualized in the northwest and northwest. None
of the habitats generated larval counts outside of the first tier of productivity. Nuisance
mosquitoes were slightly more productive in comparison to Anopheles, but overall
numbers were visibly reduced for this week. The northwestern portion of the
community was clearly the most prominent in terms of habitat count and productivity.
The north, south, and northeast all demonstrate productive habitats, but are not
particularly clustered of highly productive.

Spatial Statistical Analysis
As evidenced by the habitat distribution models, a multitude of habitats are
occurring in varying locations at varying points in time within the Papoli Parish
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surveillance zone. The most productive sites are visually obvious, but site prioritization
for any sort of control measure is not as clear. This is especially true when both habitats,
and highly productive habitats, are abundant. Spatial autocorrelation analysis using a
global and local Moran’s I statistic will allow for our highest priority areas to be
identified.
Moran’s I spatial autocorrelation
Moran’s I spatial autocorrelation was run weekly for both the Anopheles and nonAnopheles nuisance larval groups to provide evidence of spatial autocorrelation. The
analysis was able to identify clustering in 10 of the 16 surveillance weeks for Anopheles
larval habitats, and in 11 of the 16 weeks for that of the nuisance species (Appendix D:
Table D6). Of the 6 non-clustered Anopheline weeks, 4 occurred during low count dry
periods. The remaining 2 instances fell slightly outside the range of statistical
significance for clustering.
In comparison, nuisance output was slightly different. In the same manner
demonstrated by the Anopheline habitats, 2 of the non-clustered weeks occurred during
the dry periods. However, the 3 other instances occurred during times of consistent
habitat productivity, and can be attributed to other outside factors.
During the first 2 weeks of sampling, outputs were vastly different between the
two larval groups. The first week demonstrated no clustering for either group, but
differing outputs were still generated. Anopheline output for this initial week of
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surveillance resulted in a pattern that was not significantly different than that of the
random. Nuisance output however, indicated dispersion. This discrepancy, however,
can be attributed to the extreme lack of habitats encountered during this week. A
second random output was generated for the Anopheles group during the second week,
which once again can be attributed to sample size as only 7 positive Anopheles sites were
identified. Nuisance mosquitoes had generated a large enough sample size by this week
in order to produce a significant clustered output. The rains began in the midst of Week
2, and by Week 3 enough positive habitats were identified to indicate clustering for the
Anopheles group, as well as with the nuisance group. This clustering trend continued
through Week 6.
The most intense Anopheline clustering occurred during Weeks 4 and 5. Moran’s
index and z-scores were significantly higher during this two week period than any
other within the study sample. Week 4 displayed a z-score of 14.461069 along with a
Moran’s index of 0.629283, while Week 5 had slightly stronger clustering outputs with a
z-score of 16.716332 and a Moran’s index of 0.622881. Slight changes occurred with
Anopheline output for Week’s 7 and 8, as these weeks were just outside the parameters
of clustering, and instead were categorized as random. Week 7 had a p-value of
0.142508 and a z-score of 1.466515, while Week 8 was even closer to clustering with a pvalue and z-score barely out the clustering parameters, 0.105593 and 1.618322
respectively. Both weeks had a Moran’s index close to 0.05. Conversely, during the
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same period, nuisance mosquitoes demonstrated their strongest clustering output. The
most intense clustering was demonstrated during Week 6, which elicited a Moran’s
index of 0.997036, an extremely high z-score of 28.398672, and a p-value of 0.000000.
Clustering was so intense this week that the distance band had to be increased from the
default to 1225 to elicit a significant Moran’s I index. The next week produced similarly
high clustering output with a Moran’s index of 0.517345, a z-score of 11.162433, and pvalue of 0.000000.
Weeks 9 and 10 once again demonstrated differing spatial outputs for the 2 larval
groups. The Anopheline larval group established clustering, and does so for both
weeks. In contrast, the nuisance mosquitoes were described as random during this time
period. Clustering was demonstrated for both larval groups during Week 11, this trend
continued with the Anopheles group until Week 15 when habitat counts significantly
decreased. Nuisance mosquitoes followed in a near-similar fashion aside from Week 13
when randomness is once again identified.
Weeks 15 and 16 resulted in random outputs for the Anopheles group, as habitat
scarcity once again returned for species of this genus. Week 15 elicited a similar
random output for nuisance mosquitoes, but habitat count and location was significant
enough for clustering to return during the final week of surveillance.
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Anselin’s Local Moran’s I
In contrast to the global statistic, the Local Moran’s I, is able to determine and
spatially depict statistical significance. The global and local patterns may not always
align since the global statistic decomposes into its various components within this local
indicator of spatial association (LISA)141. As a result, it is possible for clustering to occur
and be visually depicted on the local level, even if it was not established on the global
level. This tool allows for a clear depiction of areas of significance for both larval species
throughout all weeks of surveillance and it is from these spatial models that habitat
priority can be determined. The Local Moran’s I output for both groups is displayed to
compare and contrast this output on a weekly basis (Appendix D: Figure D10).
The low habitat count during the first week of sampling resulted in limited
output. Anopheline clustering of highly productive habitats was identified only in the
southernmost part of the community just outside the surveillance boundary. Nuisance
habitats did not significantly cluster during this the first week of sampling, however
one instance of negative autocorrelation of importance in the form of a High Outlier
was identified slightly northeast of the Anopheles clusters. This outlier was accompanied
by a Low Outlier located in the same general area. This outlier, though of interest, is not
of high importance because it indicates area of low productivity.
The continued low productivity during Week 2 resulted in no significant
Anopheles habitat clusters. It did, however, illustrate additional instances of High
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Outliers, which represent our negative autocorrelation of interest. During this week, 3
different habitat areas were identified to be significantly dissimilar to the surrounding
areas of low productivity. These areas demonstrated highly productive Anopheles
habitats surrounded by low or unproductive habitats. One outlier remained in the
southern area of the community that displayed Anopheles habitat clustering in Week 1,
while the other 2 outliers were centrally located within the highly populated region of
Papoli.
Nuisance areas of significance are fairly different from their Anopheles
counterparts this week. Clustering is shown in the western portion of the surveillance
areas, as well as in the extreme southwestern portions of the community, far outside the
survey boundaries. These habitats were discovered by an ambitious field team member
who continued beyond the boundary, as a result of the scarcity of suitable habitats.
High Outliers are also identified for nuisance mosquitoes in 2 different locations. The
first location is in the northern portion of the surveillance area, while the second
location is generally in the same centrally located, highly populated region of Papoli
that produced 2 of the week’s Anopheles High outliers.
Significant high clustering of habitats can be visualized for the Anopheline group
during Week 3. Multiple instances of clustering is illustrated exclusively within the
Northeastern portion of the community. One instance of High Outlier negative
autocorrelation was also displayed in the western portion of the community; however,
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the spatial model clearly illustrates the area of intense concern in the northeastern
portion.
Clustering is not nearly as evident with nuisance mosquitoes this week, but one
instance is visible west of the Anopheles clusters, just inside the area of high population
density. A High Outlier also occurs within this same populated area, along the border
in the southwestern portion. A final High Outlier can be identified along the western
border of the surveillance area.
The first instance of Low Outlier negative autocorrelation occurs for the
Anopheles group in Week 4. These outliers occur within the northeastern portion of the
surveillance area among a large group of High Clustered areas of interest. This
northeastern area is the exclusive area of concern this week based on the model.
Nuisance mosquito areas of significance were displayed in various regions of the
community during Week 4. However, no nuisance area of significance overlapped with
significant Anopheline areas for the week. Two areas of High Clustering were
identified, one in the northern region of the surveillance area and one in the southern
portion of the high population density area. Significant outliers were also demonstrated
for nuisance mosquitoes this week. A significant High Outlier is shown just southeast of
the southern High Cluster, while a second important outlier is shown in the
northwestern portion of the surveillance area.
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Key locations begin to establish themselves for both groups of larvae for the next
3 weeks. Between the weeks of 5, 6, and 7, Anopheles continue to almost exclusively
display High Clustering in the northeastern portion of the surveillance area. Low
clusters are also evident in this same area, but in much lower numbers. An important
High Outlier occurs once in Week 6 in the northwestern region, and once in Week 7 in
the western outskirts of the surveillance area. However, the area of intense focus for the
Anopheline group remains the northeast for this entire period of time.
During this same period, the nuisance group established itself in different
portions of the surveillance region. The northern and southern areas of the surveillance
areas stood out as areas of concern, though a few exceptions did occur. Week 5 showed
an abundance of Cluster: High output in the southern regions and a High Outlier just
northwest of this clustering within the highly populated region. Multiple instances of
High Clustering and High Outliers of importance occurred in the northern region,
along with an additional High Outlier in the northwestern region. Week 6 again
showed High Clustering in the southern area, although to a lesser extent. A High
Outlier also occurred just southeast of the Cluster: High output. The northern region
once again demonstrated High Clustering, with the addition of one Low Outlier located
within close proximity.
This same general spatial pattern was displayed again in Week 7. The southern
area showed a multitude of Cluster: High outputs. These outputs were concentrated in
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the south, but a limited number were apparent just west, in what would be considered
the southwestern area. The northern area demonstrated intense clustering as well. The 6
Cluster: High outputs are in such proximity that it looks like one large cluster until a
zoom is performed with the image. Surrounding this area are 4 Low Outlier habitat
areas. One additional Cluster: High area is demonstrated to occur within a centrally
located area right just outside the area of high population. The only nuisance High
Outlier for Week 7 occurs in the western portion of the surveillance area, just inside the
highly populated area.
The northeastern area remains the sole area of statistically significant Anopheles
activity until Week 8. During this week, the clustering expands to various other areas of
the surveillance area. This area remains the most dominant for the week, but High
Clusters are now observable in the western portions of the community. High Outliers
are also clearly visible in the northwest, west, and southwestern sections. The
southwestern High Outlier is also accompanied by a Low Outlier this week.
There is not much overlap again this week when comparing the 2 larval groups.
Nuisance mosquitoes instead continue to cluster in the southern and northern portions
of the surveillance area. The same close proximity clustering that occurred the previous
week occurred once again in the northern portion. Low Outliers outputs similarly
surrounded this area again during Week 8. The central western portion of the
surveillance area was responsible for 2 instances of High Outlier output.
242

Week 9 demonstrates the first overlap of significant areas between the 2 larval
groups. Anopheline Cluster: High output continues to be predominantly located in the
northeastern portion of the surveillance area. Significant nuisance mosquito output is
also located in the same general northern and southern locations. Neither of these larval
footholds displays significant Anopheles and nuisance overlap; instead, overlap occurs
centrally in the highly populated area. The exact same habitat area is demonstrated to
be a Cluster: High area for both groups. This area surrounds a borehole well that creates
a multitude of potential larval habitats with its runoff. A high outlier for both larval
groups is also located in this same general area, although outside of the highly
populated region. The Anopheles High Outlier lies to the northwest of the common High
Cluster, while that of the nuisance group is directly north.
The separation of significant areas between the larval groups returns in Week 10.
However, a nuisance High Outlier does occur in the same general area as the consistent
Anopheles High Cluster region, located in the northeast. Aside from this outlier,
nuisance output is isolated in the northern and southwestern portion of the community.
An additional High Outlier occurs in the central-west region within the high population
density area. Anopheline High Outliers are shown in the western and central-western
portions of the community.
Larval habitats within the Anopheles group demonstrate similar results during
Week 11. Cluster: High output is once again predominant in the northeast. A new
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cluster in the northwest is also evident this week, along with a High Outlier located in
the southern region, just outside the high population density area. Nuisance output for
this week is slightly different than in recent weeks. The majority of High Clustering is
shown in the southwestern portions of the surveillance area, although an instance is
clear along the surveillance boundary, in the northwestern area. High Outliers are
demonstrated in this same northwestern area, as well as in the west and central highly
populated region. One significant High Outlier does occur in the southeastern section
and this overlaps within the southern portion of the Anopheles Cluster: High outputs
located in the northeast.
One large change is demonstrated with the Anopheles group during Week 13: a
secondary area of concern is clearly established. Intense High Clustering is
demonstrated in the western portion of the community. The northeast still
demonstrates the highest Cluster: High output, but the west is clearly just as important
based on the weekly model. Additional High Outliers of interest are shown in the far
west, northwest, and northern parts of the community.
In contrast, nuisance larvae this week are clearly clustering in the southern
portion of the study area. This is the only region demonstrating nuisance Cluster: High
output for the week. High Outliers do occur elsewhere in the north, northwest, and
central west areas, though none of these overlap with those produced from Anopheles
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larval habitats. One instance of High Outlier overlap does occur this week in the
southeastern portion of the surveillance area.
There is very little overall change in significant locations for both groups during
Weeks 14 and 15. The most conspicuous change from Week 13 is the reduction of High:
Cluster output for the Anopheles group in the western portion of the surveillance area.
Otherwise, High Clustering outputs for both groups are in the same general areas, the
southeast for Anopheles, and the south for the nuisance group.
This time period demonstrates overlap of High Cluster output for the first time
during the surveillance program. During Week 14, a single Cluster: High output for
nuisance mosquitoes is shown located within the Anopheline High Cluster outputs in
the northeastern portion of the surveillance area. A second High Cluster output
generated for the nuisance group is also in the same general area, just south of the
overlapping area.
Significant Anopheles output occurred slightly more north than previously
demonstrated during Week 15, but still generally in the same northeastern area of the
community. Additional instances of Cluster: High output also occurred in the western
portion of the surveillance area. High Anopheline Outliers occurred in the northwest,
while the majority for nuisance occurred in the south. Cluster: High outputs generated
for Week 15 vary significantly for the nuisance group. The most intense clustering
occurs in the northeastern portion of the community. This area had been consistently
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and exclusively the stronghold of Anopheline larval specimens up until this point.
Other instances of nuisance High Clustering occurred in the southwest and central
areas. One instance of overlap occurred this week and it involved a High Outlier for the
nuisance group occurring within a group of Cluster: High Anopheles output in the
northeast.
Once again, during Week 16, significant nuisance output shifted dramatically
from the week prior. All clustering this week occurred in the central-western area, while
the sole High Outlier output was shown in the southern portion of the surveillance
area. Anopheline output did not shift dramatically from previous weeks, with the
majority of Cluster: High outputs occurring once again in the northeast. Additional, less
prominent, High Clustering was demonstrated in the west. This same area was also the
location for one High Outlier Anopheles output. The additional instances of Anopheline
High Outlier output demonstrated some overlap with the week’s nuisance High Cluster
output. In the central-western portion of the surveillance area, 2 Anopheles High Outlier
outputs were in very close proximity to the area’s nuisance clustering.

Discussion
The spatial dynamics generated through the habitat and Anselin’s Local Moran’s
I models clearly depict spatial preferences through time for each of the larval groups of
interest. Weekly habitat models are effective in visually displaying the locations and
246

productivity of individual habitats, but beyond targeting the obviously highly
productive habitats, very little information is attainable in terms of habitat
prioritization. The subsequently generated weekly Anselin’s Local Moran’s I models
address this issue by evaluating each habitat not only by individual productivity, but
also by the productivity of surrounding habitats. This local model assesses priority
through 2 of its 4 spatial outputs: Cluster: High and High Outlier.
Cluster: High and High Outlier output can be assessed as priority 1a and 1b for
control purposes. Highly productive habitats located in close proximity to each other
are positively autocorrelated, and indicated by the Cluster: High output. This output is
of the utmost importance as these areas are most certainly contributing heavily to the
respective mosquito burden of the community. In contrast, High Outlier output
represents negative spatial autocorrelation. This form of negative autocorrelation allows
for the identification of highly productive habitats located in the presence of otherwise
unproductive habitats. The ability to identify and treat both of these significantly
productive locations will make a substantial impact on the overall mosquito population.
Using the Anselin’s Local Moran’s I as the most significant model for each week,
the spatial and temporal changes can be observed. As a whole, these models clearly
depict the preferred areas within the surveillance area for each larval group. The
Anopheles group clearly preferred the southeastern portion of the surveillance area,
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which is predominantly composed of rice paddy agriculture. This aligns with the data
generated from the weekly larval surveillance and habitat data.
The output for the nuisance group clearly shows a preference of habitats in the
northern and southern regions of the surveillance area. Aside from a borehole well, the
habitats identified in the northern region are exclusively water storage habitats. The
southern habitats are slightly more varied, but agriculture dominant. Ditches, holes,
animal tracks, and well habitats also contributed to this southern clustering. This spatial
data once again confirms the data generated from larval surveillance while adding a
more targeted output of specific habitats and areas where these same habitats are
significantly more productive.
When this data is observed at a weekly level and in conjunction with the rainfall
data generated, some inferences can be made in respect to the spatial dynamics of both
larval groups. The driest weeks, Weeks 1 and 2, elicited a fairly random output for both
larval groups. Evidence of this was shown when the Global Moran’s I statistic was
utilized to analyze the weekly data. Both species were extremely opportunistic during
this period and only a handful of High Cluster and High Outlier areas could be
identified when this global statistic was decomposed into its local form.
This is further evidenced by the predominant habitat demonstrated through
surveillance during these early dry weeks. Once consistent rain is established (between
Weeks 2-4), both larval groups overwhelmingly select agriculture predominant habitat.
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The trend remains until the end of the surveillance period. However, prior to this time
frame, both larval groups demonstrate this habitat opportunism. The predominant
habitats for Anopheles are swamps, wells, and agriculture respectively for Weeks 1-3,
and agriculture, wells, and storage containers respectively for nuisance larvae.
Weekly model analysis allowed an interesting pattern to emerge. This became
evident as rainfall commenced at the onset of week 2, and significant clustering became
apparent during analysis the following week. The period of consistent rain from Weeks
2-4 is essentially a transition period from a prolonged dry period into a prolonged rainy
period. During this transition period, both larval habitats displayed Cluster: High
Outputs in the southeastern portion of the community. However, by Week 4, when the
transition period evolved into a more consistent rainy season, both larval groups had
begun to establish themselves in their respective prominent areas of the community.
For the Anopheles group, larval specimens remained in the northeastern portion
of the community and established it as the primary Anopheles area of concern. In
contrast, nuisance mosquitoes abandoned this northeastern area once rainfall increased
and potential habitats increase in turn. However, when consistent rainfall subsided,
around Week 10, significant nuisance habitats returned to this same area. At the onset
of Week 14, rainfall essentially subsided for the surveillance period and began the onset
of a second prolonged dry period. During this transition from 2 months of consistent
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rain to the second prolonged dry period, Week 11-Week 15, we once again demonstrate
significant nuisance output in the northeastern portion of the surveillance area.
The final 2 weeks of surveillance once again generate predominantly random
Global Moran’s I output for both larval groups, which can be attributed to increase in
opportunistic oviposition, as a result of habitat reduction. Following Week 16, at the
conclusion of the surveillance program, standing water was still prominent in
agriculture, but in a reduced volume. As the dry season continues, it can be inferred
that these habitats will once again dry up, and the predominant habitats will shift with
the resulting opportunistic behavior.
This data suggests that nuisance mosquitoes within Papoli act very
opportunistically with habitat selection during the prolonged dry season, before
shifting to the preferred agricultural habitats in the northeastern portion of the
community at the onset of consistent rain. Once rainfall establishes a variance of
suitable habitats and locations, these species disperse out to the respective habitat of
choice. However, once rainfall reduces and the transition to dry season occurs, these
same nuisance species return to the northeastern agricultural region, and those similar
to it. After the dry season is established, these species become opportunistic and utilize
the best habitat available at that point in time for oviposition.
These same output methods tend to show the Anopheline progression to be less
complex. In a similar fashion to nuisance mosquitoes in Papoli, mosquitoes of this
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genus tend to act opportunistically in habitat selection during the dry periods before
transitioning to the northeastern agricultural region. These mosquitoes more or less
remain in this area throughout the rainy season and only leave when water is absent.
With an increase in habitats from prolonged rains these species were shown in the Local
Moran’s I models to shift slightly to other similar habitats in the northwest and western
regions, but for the most part remain entrenched in the southeast.
Further investigation over multiple dry/wet and wet/dry transitions within the
community is needed to confirm these observations, but the data generated during this
study period tends to point towards these conclusions. Assuming that this is the case,
this community serves as a great opportunity for the implementation of dry season
control. Control in this fashion targets the few, dispersed, and isolated habitats
observed for both larval groups during this period. Both Anopheles and one of the key
nuisance genera, Culex, do not remain dormant during dry periods, thus can be
impacted when targeted in such a concentrated state. Reducing the surviving specimens
during this production lull will have long term impacts on rainy season production.
A variety of nuisance mosquitoes were identified throughout the surveillance
period. Species within the Aedes, Coquillettidia, Culex, and Mansonia genera were
commonly identified. Certain species were discovered within these genera that are
often serve as vectors in this, and other regions, of the world. However, based on
discussions with local community leaders and healthcare workers, the pathogens
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transmitted by these mosquitoes were not present within the study community of
Papoli Parish, and therefore they were categorized as nuisance species.
The most prolific species in this category is Aedes agypti. Similarly, Culex
quinquefasciatus was also identified on multiple occasions, but both species were
categorized as nuisance mosquitoes, as a result of its non-vector status in the
community. However, data was specifically generated in our database for these species.
In the event that these mosquitoes serve as vectors in future years, spatial and temporal
count data will be present for use in control. The same steps that taken in this research
to generate spatial models for the Anopheles and nuisance larval groups can easily be
performed on the data stored for these potential vectors.
Similarly, the question is raised, are our known vector species also nuisance
species? Literature answers this questions positively22, 52, 163, so in the most technical
sense our nuisance models should include all specimens obtained. However, the goal of
this manuscript is to illustrate the differences in spatial and temporal characteristics of
the Anopheles mosquito in comparison to the other non-malaria vector mosquitoes
located in the respective area of the genus.
The data generated during this surveillance program can be utilized to
implement a complete and targeted future mosquito control program for this
community. The identification of spatial outliers and significant hot spot clusters is our
key indicator for determining habitat priority for mosquito control purposes. This is
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based on the concentrated, immobile, and accessible approach discussed earlier. The
local Moran’s I statistic allows for the concentration aspect of this approach to be
essentially squared. Not only are these mosquitoes targeted in their most concentrated
larval state, but the most concentrated and abundant habitats of this state are targeted,
and done so in a statically significant fashion. Control of these areas allows for these key
portions of the mosquito population to be eliminated in their most concentrated an
accessible state.
Modifications can be made to all models using the ArcGIS software to include
grids, zones, or other demarcating tools that are often utilized in control programs to
differentiate or identify specific areas. These same models will allow for optimal
identification and monitoring of not only Papoli’s malaria vectors, but also the
numerous nuisance genera produced within the community boundaries. Such an
approach is essential for improving the full spectrum of quality of life in the
community. The easily recognizable outcome of reduction of nuisance biting, combined
with the long term reduction in disease transmission, serves to increase community
acceptance and adherence to an oftentimes invasive control program.
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CHAPTER 5:
EVALUATION OF DNA EXTRACTION METHODS OF ANOPHELES GAMBIAE
COMPLEX SPECIMENS FOR PCR ANALYSIS AND USE IN A MOSQUITO
CONTROL PROGRAM

Abstract
Adult mosquito specimens morphologically identified to be within the Anopheles
gambiae complex were obtained through field surveillance in a rural Ugandan
community. Two DNA extraction techniques were performed on these specimens to
determine the most cost effective and efficient way to determine the species distribution
of mosquitoes of this complex in a resource limited community. An extremely low-cost
boiling method and a more costly Qiagen DNeasy method were tested with varying
results. The boiling method resulted in a positive output of 38.46%, while the DNeasy
method was much more effective at 82.69%. Based on the goals of the control program,
the boiling method may be sufficient with a large enough sample size to gain a general
understanding of species composition, while the DNeasy method should be utilized
when more specificity is desired.
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Introduction
Malaria in sub-Saharan Africa is driven by 2 sibling species found within the
same Anopheles gambiae complex: Anopheles gambiae s.s. (sensu strico) and Anophles
arabiensis. These two mosquito species are morphologically indistinguishable, and can
only be positively identified through polymerase chain reaction (PCR) assays that
identify unique genetic identifiers such as species-specific single nucleotide
polymorphisms (SNPs) and insertions/deletions (indels)40, 41. Despite the morphological
similarity, these mosquitoes demonstrate a variance in vector behavior.
Anopheles gambiae is an extremely anthropophilic species, feeding almost
primarily on humans22, 29.The human household is the primary resting and feeding areas
for these deadly vectors. These mosquitoes are nocturnal feeders, entering the homes in
the early evening, and waiting until the late evening hours to take a blood meal. After
feeding, the engorged female rests within the house before exiting in the early morning
hours30, 31, 32, 33. Anopheles gambiae prefer to lay their eggs in small, isolated, shallow,
sunlit, and temporary fresh water bodies. The water in such habitats is typically clear
and devoid of excess vegetation. Common examples are pools on swamp margins, tire
tracks, hoof prints, depressions, ditches, ground depressions, and puddles20. Due to the
temporary nature of such habitats, increased rainfall is associated with an increase in
Anopheles gambiae34, 35, 36.
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Anopheles arabiensis tend to be much more active in the upland areas of the
African continent than that of Anopheles gambiae, and adults are considered to be more a
species of dry savannah or woodland environments28, 42. These mosquitoes tend to have
a slightly more northern range in East Africa (all areas to the north-east of Uganda and
the Kenya Highlands where Anopheles gambiae is absent), whilst at the same time
showing a sparse distribution in the more forested and humid areas of West and
Central Africa42, 43. In many places the population of this species gradually increases as
the dry season sets in, replacing the wet season dominant Anopheles gambiae42, 44.
The species is considered zoophilic, feeding primarily on cattle, in comparison to
the much more anthropomorphic Anopheles gambiae. This does not however prevent the
taking of human blood meals, during which the vector does not discriminate between
feeding indoors or out26, 45. This behavior is variable depending on location, making the
species especially difficult to control in their adult stages46. Anopheles arabiensis tends to
feed and rest outdoors and can be both a crepuscular or nocturnal feeder, with biting
times starting in the early evening or morning26.
Oviposition and the subsequent larval habitat preferences of this species are
extremely similar to those of Anopheles gambiae, preferring small, temporary, sunlit,
clear and shallow fresh water pools26. Though it should be noted this species tends to
experiment with slightly more variety in terms of habitat selection. For example,
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Anopheles arabiensis are often associated with rice farming, specifically utilizing the
irrigated fields for development during the larval stages26.
These variances in behavior and habitat preference make the identification of the
composition of these Anopheles species within a given community paramount when
creating a control program. This research takes places within a rural agricultural
community located in eastern Uganda, where malaria transmission from species within
this complex is a prominent issue.
Deoxyribonucleic acid (DNA) carries all genetic instructions for a respective
organism, and can be amplified via polymerase chain reaction (PCR) techniques, even if
only low molecular weight DNA is available95. PCR is essential to conclusively
distinguish these key vectors to the species level when specimens are obtained.
Similarly, the identification of additional species capable of malaria transmission within
this same Anopheles gambiae complex is just as important.
To obtain the species composition of our study area, a ribosomal DNA (rDNA)
PCR method was utilized in respect to 5 of the most wide-spread species within this
Anopheles gambiae complex93. This techniques targets species specific nucleotide
sequences within the intergenic spacer regions of the rDNA where these species differ
significantly93, 102.
In order for PCR to amplify the DNA of selected specimens, the DNA must first
be extracted. Techniques for DNA extraction abound, although most of those utilized
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for the analysis of mosquitoes tend involve specific reagents or equipment91, 103. These
methods are often based on chelax and phenol-chloroform extraction techniques104, 105, 106.
A quick and inexpensive boiling technique has also been utilized to achieve the same
results91, 97 104. In an effort to reduce costs and maximize resources, we analyzed the
efficacy of this technique in contrast with a more expensive and sensitive DNeasy Blood
& Tissue Kit purification technique.
The boiling method extracts a specimen’s DNA in the easiest and most cost
effective way107. The simple boiling step allows for liberation of DNA from its cell to be
later amplified by PCR108. This method would optimally suit mosquito control programs
in limited resource areas that are often burdened with high malaria incidence. For this
reason we focused on the most inexpensive variation of this method and analyzed its
results for use in a control program.
A second method of DNA extraction using a DNeasy Blood & Tissue Kit was
utilized and compared to the output of the boiling method. This kit is a significant cost
when compared to simply boiling the specimens, but allows DNA to be free of
inhibitors and exhibit sensitive detection via real-time PCR analysis. Similarly, this
method also is more labor and time intensive. The DNeasy method uses silicamembranes within spin columns to eliminate the need for organic extraction and
alcohol precipitation. The process starts as cells are lysed using proteinase K, before the
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DNA binds to the DNeasy membrane on the spin column during centrifuging. Washing
then occurs to further remove PCR inhibitors to allow for purified DNA output109.
Tests of DNA purity are very useful in determining the quality of DNA extracted
during each technique. The better the quality of DNA the better the output will be once
the DNA is amplified. A spectrophotometer is used to determine the nucleic acid
concentration of each DNA sample by passing a light through the sample and analyzing
the absorbance by nucleic acids present in the sample. The key ratio in determining the
purity of the sample is the sample absorbance at 260 and 280nm (260/280). A ratio of 1.8
is assumed to be pure DNA, while substantially lower ratio output most likely indicates
contaminants absorbing strongly near 280nm. A low reading of this measurement
typically indicates contamination by protein or reagent utilized during DNA extraction.
In contrast, a high reading is not usually of concern164.
A secondary, and similarly important, ratio of sample absorbance at 260 and 230
nm (260/230) should also be analyzed in determining DNA purity. Purity within this
ratio is identified at a slightly higher ratio than the first, as pure nucleic acid falls within
the range of 1.8-2.2165. Co-purified contaminants, often seen in the form of
carbohydrates, may be present if the ratio is significantly lower than this range164, 165.
High ratios are often indicative of blank measurements conducted on a contaminated
pedestal, or the use of the wrong solution during the blanking process164.
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Methodology
All specimens were obtained through field surveillance beginning March and
ending in August of 2016 in Papoli, Uganda, a rural agricultural community located on
the Eastern border of the country. Specimens were subsamples of catches taken from
weekly light traps set up strategically within the community to monitor the distribution
of active adult malaria vectors.

Mosquito Specimen DNA Extraction
Prior to analysis by polymerase chain reaction, DNA must be extracted from
each individual specimen. This was accomplished using 2 different techniques: boiling
method and Qiagen DNeasy method. A step-by-step protocol for all extraction
techniques is available in Appendix E.
Boiling method
A total of 169 adult mosquito specimens identified taxonomically to the
Anopheles gambiae complex were analyzed using a boiling method. A homogenizer was
utilized to grind the entirety of each specimen in 100µl of PCR water contained within a
1.7ml micro-centrifuge tube. Specimens were boiled at 95o C for 30 minutes. Once
completed, samples were set aside to cool before being centrifuged at 8000rpm for 2
minutes. The resulting supernatant was removed and placed within a new 1.7ml microcentrifuge tube.
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After DNA is extracted, the 1.7ml micro-centrifuge tube containing homogenized
mosquito specimen was retained and stored in a -20o C freezer for possible future use.
Qiagen DNeasy procedure
104 specimens taxonomically identified to be within the Anopheles gambiae
complex were analyzed with a Qiagen DNeasy Blood & Tissue Kit. The DNeasy
purification process utilized the homogenized mosquito specimens remaining from the
boiling method of DNA extraction. These 1.7ml micro-centrifuge tubes were previously
set aside after the boiling method was conducted. The DNeasy purification process was
conducted using the instructions provided by the manufacturer.

Identification by PCR Analysis
Once DNA was extracted, the PCR process was undertaken to conclusively
identify each specific specimen. Standard PCR procedure was conducted using the PCR
master mix outlined by Scott et. al., 199393 for the Anopheles gambaie complex. A step-bystep protocol for all PCR techniques utilized is available in Appendix E. As referenced
within Scott et al., 199393, QDA Primer was not used as Anopheles merus and Anopheles
quadriannulatus are not sympatric within this region. As a result, 16µl of extra sterile
PCR water was used in its place. PCR cycle conditions were also taken from Scott et. al.
199393:
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•
•
•
•

95°C/5min x 1 cycle
(95°C/30sec , 50°C/30sec , 72°C/30sec) x 30 cycles
72°C/5min x 1 cycle
4°C hold

Initial PCR analysis conducted using all specified primers on all specimens
elicited positive outcomes for only Anopheles gambiae and Anopheles arabiensis. In an
effort to reduce competition between primers, all primers were removed, except for
those identifying these 2 species.
For quality control purposes, at the completion of the PCR analysis, all
specimens that did not elicit positive identification were rerun using the same
procedure, but with the removed primers substituted back into the master mix for those
identifying Anopheles gambiae and Anopheles arabiensis. All specimens were analyzed
utilizing this procedure. The mastermix utilized is displayed in Appendix E: Table E1.
A standard gel electrophoresis procedure was conducted using the DNA once
the PCR cycle was complete. A 2% agarose gel was used to run the samples. Gels were
then soaked in ethidium bromide (EtBr) for 15 minutes.
Species complex identification
Once EtBr soaking was complete, the gel was then able to be analyzed, and
speciation determined. The gel was transferred to a Labnet International ENDURO GDS
Gel Documentation System for photography and analysis. This system utilizes a high
resolution, scientific-grade camera that will give a linear response to light, thus
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allowing for efficient data analysis and the ability to differentiate closely spaced bands
on DNA gels100.
Positive specimens run under the ENDURO GDS Gel Documentation System
displayed primer created fragments of 390bp for Anopheles gambiae and 315bp for
Anopheles arabiensis (Appendix E: Figure E193). These displayed fragments were
compared to the DNA ladder present on the gel for final identification purposes.

PCR Inhibitor Identification
To test for PCR inhibitors, both DNA extraction techniques were run on known
positive samples to test the purity of the DNA created by each respective DNA
extraction method. Anopheles gambiae (MRA-132K) and Anopheles arabiensis (MRA-339K)
specimens were obtained from BEI Resources via National Institute of Allergy and
Infectious Diseases (NIAID). 20 total specimens, randomly selected by species,
underwent DNA extraction via both the boiling method and the DNeasy method. 10
randomly selected specimens were utilized per method. Once extracted, and prior to
PCR analysis, DNA was tested for purity using a NanoDrop® ND-1000
spectrophotometer. A reading was taken for each of the 20 samples and analyzed for
DNA purity.
Prior to establishing DNA purity, a blank measurement must be set and stored to
ensure a clean pedestal and properly functioning spectrophotometer. The blank utilized
263

for testing specimens obtained via the boiling method was distilled PCR water. To
account for the buffer utilized in the DNeasy method Buffer AE elution buffer was used
as a blank prior to analysis of these specimens.
Sample analysis begins by pipetting a 2µl sample of DNA from its respective
micro-centrifuge tube onto the end of the spectrophotometer receiving fiber cable. A
second fiber optic cable (the source fiber) is then brought into contact with the DNA
liquid sample. The combination of these cables allows the liquid to bridge the gap
between the fiber optic ends165. The instrument is then controlled via software installed
on a connected computer. The software installed on the affiliated computer is
manipulated to begin the analysis process. A pulsed xenon flash lamp is initiated and a
spectrometer utilizing a linear CCD array analyzes the light after passing through the
sample165. The output is then logged in an archive file on the computer for analysis.
Specimens underwent subsequent PCR analysis and gel electrophoresis to provide
observational output.

Results

Boiling Method
The boiling method was utilized to extract DNA on 169 adult mosquito
specimens identified taxonomically to be within the Anopheles gambiae complex. Of the
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169 specimens tested, 65 (38.46%) were positively identified as species within this
complex. 104 (61.54%) specimens were found to be negative.
Of the positive specimens identified, 54 (83.08%) were identified as Anopheles
arabiensis, and the remaining 11 (16.92%) were shown to be Anopheles gambiae.

Qiagen DNeasy Method
The Qiagen DNeasy method was run on the remaining 104 adult specimens not
positively identified through the boiling process. This method proved to be much more
effective as it identified 86 (82.69%) of the remaining specimens. 18 (17.31%) of these
specimens remained negative.
Anopheles arabiensis remained the predominant species identified in our study
area using this method. In a similar output to the boiling method 62 of the 86 positive
were Anopheles arabiensis (72.09%) while 24 were identified as Anopheles gambiae
(27.91%).

Total Specimen Identification
After combining the results of both tests, 151 (89.35%) of all specimens were
positively identified as species within this complex. 18 (10.65%) specimens were unable
to be identified though either method. This output is consistent with the results of Scott
et. al., 199393 using similarly triturated specimen tissue.
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Of the positively identified species, Anopheles arabiensis was the most prominent,
making up more than ¾ of all species identified with 116 (76.82%) positive specimens.
Anopheles gambiae totaled 35 (23.18%) of all positive specimens identified.

PCR Inhibitor Test
Both the boiling and DNeasy methods measured using a ratio of absorbance at
260nm and 280nm (260/280) did not illustrate any values particularly indicative of
contamination. A reading of 1.60 was present for boil specimen #4. This may show
slight protein or reagent contamination, but this output is not significantly lower than
the pure DNA reading of 1.8164. Boiling specimens #1, #3, and #5 all illustrated high
outputs at 2.85, 2.77, and 2.70 respectively. High readings, however, are not indicative
of an issue164. All readings from the DNeasy tests were located close to the 2.0,
demonstrating no contamination at this absorbance.
Output measured at 260/230 absorbance illustrated contamination within the
boiling method, and most likely explains why this method was not as effective. The
average output for all samples was 0.753, with the highest (Boil specimen #3) generating
an output of 1.01. All of these readings are significantly lower than the pure DNA range
at this absorbance of 1.8-2.2. These low readings are often an indication of carbohydrate
contamination164. Other insect-based contaminants such as chitin may also be present
and contributing to this low output.
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DNeasy results for this absorbance were much more positive, with an average
output of 1.775. DNeasy specimens #3 and #6 demonstrated some contamination.
Specimen #3 produced an output of 1.27, while specimen #6 produced an output 1.21.
The remaining specimens fell within the purity range or had outputs not far outside the
parameters. All spectrophotometer outputs are available in Appendix E: Table E2.
PCR amplification
After conducting PCR amplification, a gel was created and the DNA output
viewed. No specimens processed using the boiling methods elicited a positive DNA
result. In contrast, 6 of the 10 DNeasy specimens were able to be identified to the
species level. Results can be viewed in Appendix E: Figure E2.

Discussion
Throughout the analysis, the Dneasy Blood & Tissue kit clearly displayed its
superiority to the quick and dirty boiling technique for DNA extraction and subsequent
species identification. However, this should not eliminate the boiling technique from all
mosquito control programs, especially those with high counts of Anopheles gambiae
complex specimens and low resources. The positive identification percentage of 38.46%,
though suboptimal, can still be utilized to gain a general understanding of the species
composition of an area. As evidenced by our sample, the boiling method identified the
species breakdown as 83.08% Anopheles arabiensis and 16.92% Anopheles gambiae. This is
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quite similar to actual species breakdown of the entire surveillance sample, which
demonstrated 76.82% Anopheles arabiensis and 23.18% Anopheles gambiae. This technique
certainly demonstrates use in programs where only a broad understanding of the
species composition is desired. A caveat to this is a large sample size is required to
generate enough positive output to make an informed decision. In stark contrast, any
control program that generates a low count of specimens within the Anopheles gambiae
complex, or desires enhanced specificity, should only consider the DNeasy method, as
upwards of 82% of the specimens tested using this technique to extract DNA were
positively identified to the species level.
Aside from the amount of specificity desired, cost must be considered when
attempting to identify specimens to the species level. The boiling method is extremely
cheap, requiring only distilled PCR water, a micro-centrifuge tube, and a homogenizer.
Conversely, at time of publication, the cost of a DNeasy kit containing 250 columns
retails for $700 USD. If each column contains a single specimen, each specimen
analyzed will cost $2.80 USD. Over time this cost will reduce, as proteinase K and the
accompanying buffers within the kit will last beyond the 250 columns provided.
However, regardless of the cost reduction, this is still a significantly higher cost relative
to that of the boiling method. If a budget allows for the use of the DNeasy method, or
specimens are limited, the consideration of cost may not prove important, and this
technique may be the best option.
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The total percentage of specimens positively identified to the species level
(89.35%) was in line with the expected assay specificity of similarly processed
specimens93. The possibility always exists however, that the specificity may be
influenced by misidentification of specimens at the field level. However, taxonomic
identification was performed using a regionally specific key42 and conducted by a
trained professional, making any error minimal. Similarly, the final species composition
of the community fell in line with the environmental and behavioral preferences of the
Anopheles species of interest.
This protocol was developed with the goal of utilizing the easiest and cheapest
approach to DNA extraction in an effort to optimize both money and time. Malaria is
most common in low-resource regions of the world and the protocol was developed to
cater to this reality. Amendments could be made to this protocol, contrary to this goal,
that may enhance overall outputs. For example, forelegs of the specimen could be
utilized in contrast to the entire specimens. Analysis in this fashion has been shown to
contain less PCR inhibitors, but also adds an extra step of precision and reduces the
overall amount of DNA present166. Additionally, boiling could occur within a buffer
such as TE buffer or Tris-EDTA buffer and theoretically generate improved results.
Once again, this approach was not taken in an effort to reduce the resources required
for a positive identification.
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An amended approach that may impact the results is to perform the DNeasy
method in an isolated manner. All specimens that were analyzed using the DNeasy
method were first analyzed, and found negative, using the boiling method. It is possible
this prior boiling confounded the results; however, this also demonstrates that a
negative identification using the boiling method can be amended using the DNeasy
method.
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CHAPTER 6:
NOVEL FIELD-BASED CARBON DIOXIDE SUPPLEMENTATION
FOR MOSQUITO SAMPLING IN RESOURCE LIMITED AREAS

Abstract
Carbon dioxide has long been considered a vital factor in the host seeking
process of the female mosquito. The supplementation of this chemical compound is
often accomplished through the use of dry ice suspended above or beside CDC
Miniature Light traps during field sampling. A principal concern involving sampling in
this manner is resource availability. Dry ice is often unattainable for supplementation
when attempting utilization in developing nations, or within extreme rural settings;
this, in turn, impacts mosquito sampling. As a result, alternative sources of carbon
dioxide are needed to perform field sampling in these resource-limited areas.
A field-ready single container carbon dioxide generating system was tested in a
laboratory setting. Laboratory tests were conducted comparing dry ice and a
yeast/sugar mixture to determine the amount and extent of carbon dioxide produced
over a 96 hour period. The yeast and sugar mixture was determined to be equally
potent at a 32% carbon dioxide maximum when compared to dry ice, and to be so for a
significantly longer duration. Dry ice was shown to reach peak production
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immediately, which was significantly faster than that of the yeast/sugar mixture. The
study demonstrated that the yeast/sugar mixture could be used as a replacement for dry
ice in carbon dioxide generation in resource limited areas.

Introduction
Carbon dioxide (CO2) has long been considered a vital factor in the host seeking
process of the female mosquito167,168,169. This chemical compound, along with human
breath, was first demonstrated as a mosquito stimulant by Rudolfs in 1922167. Thirty
years later, studies conducted on female Aedes aegypti170 resulted in the determination
that carbon dioxide was detected via receptors located on the antenna. It was later
revealed that a neuron supplying the club shaped pegs on the maxillary palps was
sensitive to small changes in atmospheric carbon dioxide. This idea was demonstrated
when the removal of these palps in Culex quinquefasciatus resulted in no response to
wind tunnel carbon dioxide, yet not to any other host stimuli171.
These responses to carbon dioxide come in the form of activation of mosquito
flight activity. This activation, as well as upwind flight, are considered the initial stages
of host-finding172. Without any sort of stimulus, activating resting mosquitoes into
flight has been demonstrated to be completely random173. However, when using carbon
dioxide as a stimulus, this activation was clearly shown. Female Anopheles gambiae,
Africa’s principle malaria vector, were demonstrated to be activated at a carbon dioxide
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concentration in the area of 0.01% above background. This concentration resulted in
approximately 60% of the mosquitoes taking off and flying upwind172. Aedes aegypti
were similarly activated for a period of 2 minutes at a concentrations of 0.2% carbon
dioxide173. In multiple field studies carbon dioxide has been shown to lead mosquitoes
to baited traps,174,175 as well as to enhance the effectiveness of other sampling lures 176. It
was concisely determined through a review by Gilles, 1980 that carbon dioxide was
unquestionably an orienting stimulus169.
This key stimulus has been utilized for sampling adult mosquito populations,
while also being used as an enhancement to the visual cues provided by sampling
tools177. The supplementation of this chemical compound is often accomplished through
the use of dry ice suspended above or beside traps during field sampling22. The benefits
of this addition include an increase in total numbers of mosquito collected178 as well as
an enhanced spectrum of species caught179. Though proven very effective, this technique
demonstrates some difficulties. Issues occur when trying to regulate the amount of dry
ice used in the field. This is attributed to container factors, as well as variances in
weather, which can alter the rate of release. Additionally, the processing of dry ice can
be quite difficult, and it poses a physical hazard to those working it180. A principal
concern involving this substance in terms of field sampling involves resource
availability. Dry ice is often unattainable for supplementation when attempting
utilization in developing nations or within extreme rural settings181; this, in turn,
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impacts mosquito sampling. As a result, alternative sources of carbon dioxide are
needed to perform sampling in these resource-limited areas.
The age-old process of carbon dioxide production through the fermentation
process using a combination of yeast and sugar is examined as an alternative to dry ice
production. Yeast and sugar has been previously tested as an attractant, yet the
methodology differed in terms of the yeast, water, and sugar formulations, number of
bottles involved (multiple bottle approaches seemed too cumbersome for extensive field
use), and duration182, 183. Laboratory comparison to dry ice in terms of carbon dioxide
production percentage was also absent. The experiments described in this investigation
compare differing producers of carbon dioxide by replicating the carbon dioxide
production of commonly used dry ice with the more cost effective and widely available
mixture of yeast and sugar. This combination allows for the production of carbon
dioxide in a simplified way, which provides for global utility.

Methodology
Measurement of carbon dioxide production from both the dry ice and the
yeast/sugar mixture were taken using a CM-0002 30% CO2 Sampling Data Logger. This
data logger reads CO2 composition up to 32% CO2; this is considered peak production
for the experiment. Weighing took place using a Mettler AE 240 dual range analytical
balance. Each experiment was conducted 3 times.
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Yeast/Sugar Combination
The formulation of the solution was done in a manner that could be easily
replicated in a rural field environment. The yeast/sugar combination was formulated
using the following combination:
•
•
•

355ml water
120 g cane sugar
7.3933 g baker’s yeast

7.3933 grams of yeast was first mixed into 155ml of water inside a small cup to
activate it. Thorough mixing (2 minutes manually) is needed to ensure that the yeast is
completely dissolved. It was found that the more thorough the mixing, the faster the
reaction occurs. Undertaking this step first allows for the continued
dissolving/activation of the yeast while the remaining steps take place.
The remaining 200ml of water, followed by 120 grams of sugar, were then added
to a 2 liter bottle using a funnel. In the same fashion the activated yeast was poured
from its activating container into the 2 liter bottle containing the sugar and water
mixture.
The sampling data logger was then switched on and its sampling tube placed
into the open mouth of the bottle (Appendix F: Figure F1). Carbon Dioxide
measurements were then taken every 15 minutes for 96 hours. The data was then
uploaded using DAS software to a laboratory desktop computer.
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Dry Ice
Dry ice was measured to 400g using the analytical balance. The ice was then
wrapped in packing paper and placed in an empty 2 liter bottle with the upper 1/3 cut
off. The upper 1/3 was then placed over the dry ice and back onto the bottle, where it
was then sealed using duct tape.
The same sampling process used for the yeast/sugar combination was followed.
The sampling data logger was switched on and its sampling tube placed into the open
mouth of the bottle (Appendix F, Image F2). Carbon dioxide measurements were then
taken every 15 minutes for 96 hours. The data was then uploaded using DAS software.

Results
The two methods were found to not only differ in initial carbon dioxide
production level, but also in the length of sustained carbon dioxide production.

Yeast/Sugar Combination
The yeast/sugar combination was shown to be a superior long term carbon
dioxide producer in comparison to dry ice. However, it demonstrated initial low levels
of carbon dioxide release, taking an average of 4.92 hours to reach the peak level of 32%
carbon dioxide. After 24 hours, all 3 tests resulted in the peak production level of 32%
(Appendix F: Figure F2). Production at this peak then continued for 45.75, 40.5, and
276

47.25 hours respectively, resulting in a mean of 44.42 hours (Appendix F: Table F1). At
the conclusion of the 96 hour test period, all tests were still producing carbon dioxide at
fairly high levels: 10.24%, 9.66%, 12.53%; mean of 10.81% (Appendix F: Figure F3).
Note: addition of ground corn cobs
An experimental addition of ground corn cobs (Grit-o-Cobs® 1014 grade corn
cobs) was added to the yeast and sugar mixture in an attempt to extend the release of
the carbon dioxide generated. The use of corn cobs were chosen as a result of their
ability to extend the efficacy of the biological insecticide Bacillus thuringiensis israelensis
(BTI), as well as their wide availability in rural agricultural communities22. These cobs
can be easily ground into useable granules of similar size to those used in the
experiment.
The exact same methodology used with the yeast and sugar combination was
utilized when analyzing the addition of corn cobs. The only exception was the addition
of 60g of dried, ground corn cobs. These were added to the bottle after the yeast and
sugar combination had been formulated and before the sampling datalogger was
attached. The rest of the experimental process remained the same.
The results of this addition did not extend the carbon dioxide generation.
Instead, the corn cob reduced the overall time at peak CO2 production, shifting from a
mean of 44.42 hours of peak productivity hours to 36.58 hours with the added corn cob.
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Additionally, prior to the corn cob addition, the time it took the yeast and sugar
combination to reach peak production was between 4.5-5.75 hours, with a mean of 4.92
hours. However, the experiments containing the corn cob were able to reach peak
production of CO2 in 2.25-3 hours, with a representative mean of mean 2.66 hours.
(Appendix F: Figure F4).

Dry Ice
Dry ice was determined to be a potent short term carbon dioxide producer,
peaking for an average of 14 hours and immediately producing at peak production.
After 24 hours, carbon dioxide was at 0.96%, 2.01%, and 1.24% (mean of 1.40%) in the
respective 3 tests conducted (Appendix F: Figure F5).
Carbon dioxide production was found to cease (production dropped below 0.1%)
when the solid state of the dry ice has been exhausted. In our test, this endpoint was
identified at 31, 33.75, and 33 hours, with a mean of 32.58 hours (Appendix F: Table F2).
Similar results were shown by the Federal Aviation Administration using 5 pounds of
packed dry ice. Their test resulted a mean of 2% sublimation per hour 184. It is clear that
after 24 hours carbon dioxide is almost non-existent (Appendix F: Figure F6).
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Comparison of Output
Dry Ice was found to be superior in initial carbon dioxide production, reaching
an immediate peak production. This is compared to the 4.92 hour time period to reach
the same point of the yeast/sugar mixture. Once the yeast/sugar mixture has reached its
peak, production is equivalent for approximately a 9.5 hour period (Appendix F: Figure
F7).
Upon reaching its peak, the yeast/sugar mixture becomes superior in each
remaining variable. This peak productivity is maintained for at an average of 44.42
hours, compared to 14 hours with dry ice. Similarly, at each of the 24 hours periods
tested, the production from the yeast/sugar mixture was superior (Appendix F: Figure
F8). A side-to-side comparison of each variable investigated is displayed in (Appendix
F: Table F3).

Discussion
Both approaches proved very effective in the production of carbon dioxide. The
combination of yeast and sugar was shown to produce similar maximum production as
dry ice, and to do so for a longer duration. The data suggests the yeast/sugar
combination is an ample replacement for dry ice as a supplement of carbon dioxide
when using CDC miniature light traps. This replacement would be optimal when
sampling in areas where dry ice is not readily available.
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Additionally, our results illustrate that the use of dry ice would be an
advantageous supplementary sampling tool when the protocol calls for only one night
of sampling, and dry ice is readily available. Conversely, the yeast/sugar combination
may be preferred in a sampling protocol conducted over a continuous multi-night
period, as the experiment demonstrated strong production for a minimum of 72 hours.
This technique could also prove invaluable in areas where resources are extremely
scarce.
The two carbon dioxide generating techniques were shown to produce carbon
dioxide at inverse gradients. Dry ice undergoes sublimation, the chemical transition of a
substance from a solid state directly to a gaseous state, to produce its carbon dioxide185.
This process explains the immediate peak production levels of carbon dioxide, as well
as its rapid dissipation (essentially gone after 33 hours). The yeast/sugar combination
produces its carbon dioxide much differently. When in anoxic environments, and in
combination with sugars, yeast breaks down these sugars through the fermentation
process into both ethanol and carbon dioxide186. This yeast and sugar fermentation
continued to produce significant levels of carbon dioxide throughout the testing process
(9.5-12.5% CO2 after 96 hours), resulting in a longer, and more sustained, peak. This is a
result of the continued consumption of sugar by the yeast throughout the testing
period.
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Gilles, 1980 suggests that the amount of carbon dioxide may not be as important
as the change in baseline atmospheric carbon dioxide concentration of an area when it
comes to mosquito stimulation169. If this were to be the case, the enhanced production
period of the yeast/sugar combination would prove to be superior within this construct.
However, this question remains unanswered and requires additional information to
determine169.
When applying the mixture in the field, selecting a container that is
commonplace, especially in resource scare areas, is essential. A plastic bottle easily fits
this mold, and was shown to be an effective disseminator per the experiments. In our
experiments, a 2 liter bottle was used; however, bottles of other sizes can be used. It
should be noted that considerations for foaming, as a result of the fermentation process,
should be made when selecting a suitable plastic bottle.
The amounts of yeast, sugar, and water utilized during the laboratory
experiments were formulated to be easily transferrable to a field environment, using
tools that are lightweight and easily obtained or brought along (Tablespoon measure),
as an analytical balance, or even a basic scale, are often not feasible/obtainable in low
resource environments. A conversion table is provided that can be used when
replicating this mixture in the field (Appendix F: Table F4).
Based on the results of this study, the yeast/sugar formulation should be mixed 5
hours prior to setting out the trap to ensure peak production at the onset of sampling.
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Alternatively, the addition of corn cob granules can reduce this lag time, as it was
demonstrated to increase carbon dioxide production time by an average of 2.26 hours.
It should be noted that this addition was similarly shown to slightly reduce overall
production length.
The plastic bottle containing mixture should be suspended above the CDC
miniature light trap (or other sampling device). This enhances carbon dioxide
dissemination while also reducing the amount of gas the motorized fan intakes.
Attaching a rope around the neck of the bottle and suspending it from a branch, or
other object above the trap, is the simplest and quickest approach. The preferred option
is to tie one end of the line around the neck of the bottle and secure it using a square
knot. The other end is then strung over the object from which the bottle will hang. A
taught line hitch is then tied with the remaining rope, so the length of the rope and
corresponding height of the bottle, can be adjusted. The sampling device can then be
placed in its desired position and the bottle easily adjusted to hang immediately above
it.
Working with higher concentrations of carbon dioxide is an additional direction
future research may follow. The maximum reading possible from the CM-0002 30% CO2
Sampling Data Logger was 32% carbon dioxide. Further investigation into the exact
percentages generated beyond this mark may be of use. However, for the purposes of
mosquito sampling, 32% carbon dioxide production is significantly more than is needed
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to induce adult mosquito response (0.05% in a wind tunnel)187. Similarly future field
testing of this exact formulation of yeast/sugar in contrast to dry ice is recommend
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CHAPTER 7:
DISCUSSION

Each chapter in this thesis has its own in depth discussion specific to its contents.
As a result, this section will not delve into specifics as to not be repetitive. Instead, this
discussion integrates the key aspects and concepts from each chapter to create a concise
and comprehensive discussion aimed at further examination and comprehension of the
research.
At its core, the goal of the research outlined in this thesis is the successful
generation of a protocol for community driven mosquito surveillance based on the past
successes of larval control. Techniques for implementation were crafted through
analysis of the successes demonstrated in United States-based mosquito abatement
districts, as well as during various disease vector intervention programs worldwide.
The key factor to the implementation of such research is the community. All
aspects of the program are crafted in such a way that the community members
themselves would be the driving force behind the program and its ultimate success.
This will prove beneficial on a number of levels, with perhaps the most impactful being
sustainability. The extensive training undertaken by each field team member in all
aspects of the program provides the skills to implement the program without the need
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of outside expertise. Similarly, an added sense of ownership and pride is produced
when the majority of the project is being conducted and managed by the community
themselves. Such an outcome can only prove beneficial to a community and the
members that are involved.
A confounder to the implementation of such a program is monetary costs. It is
quite obvious that even with all the expertise, skills, and knowledge available such a
program cannot be run without some sort of monetary backing. To address this issue,
all aspects of the program in Papoli were conducted in the most cost effective fashion.
The total budget for this 6 month project was $5000 USD. A low-end estimate of USD
2500$ was spent simply on the director flying from the United States to Uganda, and for
the 6 months of room and board required to conduct the project. Thus, a fully funded 6
month surveillance program in rural Uganda can cost as low as $2500 USD. It should be
noted that the director was not paid through any part of the project budget, and
functioned as a research partner between the University of South Florida and Papoli,
Uganda. The partnership with the university and other local Papoli entities certainly
reduced the overall cost of this program, but even without their inclusion, the
demonstrated costs pale in comparison to the estimated global costs for malaria control
estimated by the Global Malaria Action Plan.
Estimated costs for this Global Malaria Action Plan were at an excess of $5 billion
USD per year between 2010 and 2015. In the upcoming years of 2020 through 2025 these
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same costs are estimated to reduce only slightly to $4.75 billion per year188. I am of the
opinion that with such finances available, and the history of larval control success
demonstrated through larval control programs discussed earlier in this manuscript,
$417 per month to locate and prioritize every malaria vector producing habitat in a
community seems like a beneficial investment. However, at this juncture, focus is on
indoor protection from the adult mosquito in the form of long-lasting insecticide treated
nets (LLIN) and indoor residual spraying (IRS).
Both LLINs and IRS are extremely important malaria prevention and control
tools, however, they do not address the issue of outdoor transmission. It is not
uncommon for Anopheles arabiensis, one of the most potent malaria vectors in the world,
and the most potent in Papoli, to feed and transmit the malaria parasite in an outdoor
environment26, 45. This is compounded by the well documented adaptation of the vectors
within this Anopheles gambiae complex to shift their feeding habits to earlier timeframes
and outdoor locations32, 189, 190. Additionally, it is unreasonable to expect populations to
remain under bet nets during the entire possible feeding window for these malaria
vectors, especially during the warm periods when bed nets exacerbate heat related
discomfort. Such instances, and those like it, indicate the need for the integration of
other complementary measures, such as larval control and outdoor adult control, to
combat these gaps in malaria control interventions.
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This protocol can still be followed and implemented successfully by communities
regardless of the direction of worldwide malaria control practices. However,
international funding, involvement, and enhanced exploration into widespread
intensive larval control as a synergistic control measure can only improve upon, and
enhance, the expected outcomes.
Once a surveillance program is underway, the functioning of the surveillance
team becomes critical. Spatially analyzed data must be properly obtained for the results
to provide the true spatial depiction of the area of concern. In effect, the entire field
team must be highly skilled in the location of all habitats in their respective zone. These
same field team members must then be able to properly geolocate the habitat using
their GPS devices, and then properly sample the site to obtain optimal output. This
need for a unique understanding of the community demonstrates an additional
argument for the strong community aspect to such a project. GPS and larval dipping
skills can be taught through training sessions, but an intimate knowledge of an
environment only comes with years of experience living and working within it.
An added benefit of the community-driven field team once again relates to the
community itself. The familiarity between the community and field team members
brings an added benefit of enhanced community participation. Field team members
were able to discuss the project with their neighbors, not only while working, but
oftentimes in informal friendly gatherings. As a result of these neighborly
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conversations, key aspects of habitat identification were commonly known throughout
the community. Surveillance time and efficiency were often enhanced, as members of
the community could dictate areas to the field team members where habitats, as well as
larvae, were identified as these community members went about their daily routines. I
am confident that as an outsider with a limited understanding of the language and
culture that this beneficial surveillance opportunity would never have occurred had this
surveillance been conducted by myself and additional outsiders. All community
members were tremendously welcoming and helpful, but there is no comparison to the
years of trust and comfort established growing up alongside a fellow member of the
community.
Upon receipt of the field data, it must be processed and analyzed in a timely
fashion in order for the future control interventions to be conducted prior to the
emergence of the adult mosquito. This task was primarily conducted by myself
throughout the project. However, members of the Community Development
department of PACODEF did demonstrate interest and skills to perform these tasks.
The input of data from the field surveillance sheets into an Excel database was, and is,
easily conducted by these same community members. Similarly, uploading the GPS
points and converting these points to .kml format was, and is, a straight forward simple
task. Once in the .kml format the field team can then easily display these points
spatially. Simply selecting these .kml files will spatially display these points within
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Google Earth Software. Slightly more technical expertise is needed to display these
points in the ArcGIS software, however, these skills were not outside of the abilities of
the Papoli team.
Habitat modeling within the ArcGIS software is the optimal form of surveillance
analysis in the replication of the research performed in Papoli. This software is
nonetheless expensive and somewhat technical. The technical hurdle can easily be
cleared with the identification of a technically sound community member, and
subsequent software training. However, obtaining this software may prove to be an
issue. It is in this respect that outside partnerships would demonstrate high value.
Universities and organizations worldwide have access to this software, and could allow
both access and training. This, once again, highlights an opportunity for the integration
of these larval control practices into the expansive budget allocated to many of the large
organizations combatting the malaria issue. Habitat modeling can still be conducted
without the ArcGIS software by manipulating the .kml files by color and size within the
widely available Google Earth software. This method will be slightly more time
consuming, but still effective.
Statistical analysis serves to enhance the visual habitat distributions generated by
our weekly models. In a surveillance-driven mosquito control program, the spatial
statistical Moran’s I techniques described in this thesis are of the most practical realworld value. The contiguous nature of mosquito larval habitats, as evidenced by our
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weekly habitat and statistical spatial models, make the identification of their highest
and most significant clusters crucial for the prioritization of such habitats. This is
especially true when the conservation and optimization of resources is paramount. A
tool that identifies high priority areas for mosquito control is invaluable when decisions
must be made on where to allocate precious resources.
Linear regression is an additional valuable tool, but its output is limited
exclusively to the variables placed in the model, thus the output describes only the
analysis of the included explanatory variables relative to the response variable (larval
count). As a result, for a true understanding of the habitat dynamics, every possible
explanatory variable influencing larval count must be placed in the model. This may
prove difficult as biological behavior is influenced by a myriad of variables, many of
which are not fully understood. Regardless of this fact, a substantial idea of the overall
habitat dynamics can still be determined through regression analysis although the
possibility and addition of other influencing variables should always be considered. In
contrast, the variables analyzed spatially using the Moran’s I are concrete. This analysis
uses only our explanatory variable of larval count and their respective locations. The
strength of the correlation between these counts is then estimated as a function of the
distance between these respective habitat locations140. Such concrete data points have
less room for user error in terms of variable inclusion.
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The linear regression analysis described in this thesis, however, is still quite
beneficial for research purposes. This is particularly evident when in search of an
understanding of the specific habitat variables related to mosquito productivity in a
given area. These habitat data points are very useful as supplementary pieces to the
distribution puzzle and should be analyzed if at all possible. Yet this information is not
of particularly high value in the short term for control purposes. In a control sense,
productivity and location are essential when making a real time decision, with an
understanding of the intricacies of habitat dynamics secondary. However, in a long
term sense, the information generated from such can benefit decision making at all
levels of the surveillance program. This information may enhance the functioning of
field team members, as well as decision making when control measures are applied.
An additional valuable analysis tool utilized in this thesis was that of polymerase
chain reaction (PCR) for species identification. The integration of PCR into mosquito
control is an incredibly useful technique when the mosquito population dictates its
need. The most conspicuous of these instances is when multiple species of interest
overlap and cause significant issues within a community, and cannot be differentiated
morphologically. Such an instance is clearly displayed within the Papoli project. This
community contained two species within the same complex (Anopheles gambiae,
Anopheles arabiensis), both of which severely impacted the quality of life within the
community by functioning as highly competent malaria vectors. These species cannot
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be identified morphologically beyond their complex, thus requiring more intense PCR
analysis to accomplish this goal. A dominant species may be able to be estimated based
on the ecological and environmental aspects of the community itself, although without
PCR analysis, a definitive conclusion cannot be reached.
The need for a definitive conclusion is based on the variance of characteristics
displayed by different mosquito species, even those located within the same complex.
As discussed previously in this thesis, the two species of the Anopheles gambiae complex
identified in Papoli (Anopheles gambiae and Anopheles arabiensis) demonstrate a variance
of feeding habits, host preferences, habitat selection, and even a time of year for peak
abundance. Information regarding the dominant species through time will allow for a
targeted malaria control effort directed at the species of interest at each particular point
in time.
The ongoing theme of this thesis is to streamline the development of a
surveillance program that will optimize control practices within a community
regardless of budget or other possible resource constraints. Over the 4 month
surveillance program in Papoli, 1819 specific habitat locations were identified and
prioritized for control practices. Significant habitats were clearly displayed spatially and
temporally through the spatial and statistical analysis of each habitat and its respective
larval output on a weekly basis. Furthermore, the project demonstrated how the
techniques described can pinpoint key habitats for an entire mosquito population, or be
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deconstructed to target specific species. As a result, this method of surveillance will
allow for optimal results in programs targeting an entire nuisance population, disease
vectors, particularly potent nuisance species, or any combination of the three.
The obvious next step after establishing the spatial and temporal distributions of
our mosquito population is to implement a targeted control program. Based on the
findings of this thesis, Papoli Parish would be an optimal location based on this
foundational data, the presence of skilled field workers, as well as the presence of a
strong community organization in the form of PACODEF.
The same structures and output outlined in this thesis can be developed and
implemented in communities all over Uganda as well as the world. Conducting the
outlined larval surveillance protocols in a community driven fashion serves as a solid
foundation for an integrated mosquito management program regardless of location.
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Appendix A: Chapter 1

Figure A1: Map of Papoli’s 11 Zones
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Appendix B: Chapter 2

Image courtesy of the Digital Globe Foundation
Figure B1: Quickbird-2 Satellite Image of Papoli
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Figure B2: Original Raster Image Rotated
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Figure B3: Ellipse Raster Image
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Figure B4: NDVI of Larval Surveillance Area
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Figure B5: LULC of Larval Surveillance Area
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Figure B6: Surveillance Area: Population Density and 0.5km Buffer

Figure B7: Surveillance Area
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Figure B8: Surveillance Area Including Zonal Boundaries
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Larval Habitat Surveillance Data Sheet: Field Reference Sheet
Habitat ID: GPS Mark Number
Habitat Type: Number from list of habitats on field sheet
Habitat Change:
• 2: Is this the first visit, if yes put 2
• 0: If this is not the first visit, is the habitat the same as before, YES put 0
• 1: If this is not the first visit, is the habitat the same as before, NO put 1
Shade: Is the habitat shaded from a tree, vegetation, or other?
• 0: If yes
• 1: If no
Water Present: Is water in the habitat?
• 0: If yes
• 1: If no
Habitat Size: Tick the size of the habitat
• <10m this is small like a puddle or small runoff
• 10-100m this is a medium habitat like a fish pond or spring well
• >100m this is a very large habitat like a rice paddy or river
Water Depth: Tick the depth of the water
• <0.5m-Shallow habitat, such as puddle or rice paddy
• 0.5-1m- Medium depth, such as spring well or river
• >1m- Deep, such as fish pond
Vegetation: Tick the vegetation in the habitat. Can have more than one type in habitat.
• If no vegetation tick none and nothing else
• If there is short plants within the habitat tick short
• If the plants are long within the habitat mark long
• If floating plants are present mark floating
• If more than one type of vegetation is present mark all that apply
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Larvae: Tick larvae found in habitat. Can have both.
• If no larvae found in dips tick none and nothing else
• If small larvae found put early stage
• If large larvae found put late stage
• If more than one type of larvae is present mark both
Pupae: Are pupae present?
• 0: If yes
• 1: If no
Habitat description: Explain where in habitat larvae found, also further explain habitat if
needed.
Comments: Other Important information such as:
• Owner of the land the habitat is on
• If malaria mosquitoes are present
• If disturbing mosquitoes are present
• If there was very many mosquitoes in one place
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Standard Daily Process in Papoli, Uganda*
Each day during the research period all of the described methods were
undertaken. The typical daily process is described below to give an idea of the how all
aspects of the program were integrated and performed.

7:00 am- Adult Light Trap Collection
After sunrise, a member of the field team collected all specimen bags and
batteries from the indoor and outdoor mosquito traps. The outdoor traps were left in
their position, while the indoor trap was collected to be reset within a new household
that night. All collected materials were delivered to the director’s office at the Papoli’s
PACODEF Community Development Office for processing.
8:00 am- Environmental Data
The rain gauge is checked and data recorded for that of the previous day. An
online resource is also utilized to generate the previous day’s maximum temperature
and average humidity and recorded within the same Environmental Data Excel File.
Weatherunderground.com was utilized for this task.
8:15 am- Data Entry
All field larval data from previous day is added to the Larval Data Excel file for
each zone. This data is comprised of the Larval Habitat Surveillance Data Sheet and the
hand written larval identification notes generated the previous day by the director.
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10:00 am-Adult Mosquito Processing**
All bags containing the previous night’s adult mosquito catch were set out in the
direct sunlight. This exposure results in mosquito mortality which allows for effective
identification. In the event of rain or extreme clouds, the specimen bags were brought
back at the end of the day to the director’s compound and placed within a freezer and
processed the following day.
10:15 am- Battery Recharging
All batteries utilized the previous night to power light traps were set up on their
chargers to allow for a full charge, and continued optimal performance. 3 batteries were
used each night. To account for periodic power loss in the community, 6 batteries were
used on a rotation. 3 batteries were kept fully charged at all times.
10:30 am- Remote Sensing***
All remote sensing data from the previous day is added to ArcGIS and
confirmation of habitats is performed. ArcGIS is opened and the most recent
accumulated data shapefile (If samples are from week 5, Historical_4 is used) is overlaid
onto the basemap. The corresponding accumulated .csv file generatd earlier was then
added to the table of contents and joined to the shapefile to allow for the spatial display
all data associated. Once the data has been successfully joined, the habitat ID number is
displayed.
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The habitat .kml files for the previous day are uploaded by zone into ArcGIS and
overlaid onto the Papoli basemap. These habitats, and the newly joined accumulated
data habitats, are now dually displayed within ArcMap. Overlapping habitats are now
easily displayed. This visual spatial data was then used to confirm the new and existing
habitats recorded on the Larval Habitat Surveillance Data Sheet.
The Larval Data Excel spreadsheet was then filled out in relation to the
corresponding habitat ID displayed. All new habitats were double-checked for accuracy
and given a unique habitat ID number if determined to be recorded for the first time.
Revisited habitats were recorded as the habitat ID number assigned during their initial
habitat visit.
An ID/Date column was then created in the Larval Data spreadsheet. Here the
week was displayed along with the habitat ID number (W5_A_001) in an effort to easily
distinguish the same habitats at differing time periods. Regardless of new or old habitat
distinction the week was added prior to the habitat ID number and recorded in this
column.
Habitats were analyzed and recorded in the exact order that they occurred on the
GPS unit to ensure their proper spatial display. Once all the previous day’s habitats
were sorted by week and habitat ID number, the excel file was saved.
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1:00pm- Data Maintenance
All newly input data is checked for errors. The Excel databases are updated and
data that may be utilized in multiple databases are copied to their respective areas.
2:00- Adult Sample Processing
The light trap bags containing the adult samples are collected and brought in for
sorting. Each trap is sorted for adult mosquitoes starting with outdoor trap A, followed
by outdoor trap B, and finally the indoor trap. All samples are placed into separate
containers based on trap for speciation.
Starting with outdoor trap A, samples are identified by sight, or if needed, with
the use of a Zeiss microscope to genus. The genus/species of each mosquito was
recorded in a notebook as determined. All Anopheles specimens are set aside to be
individually analyzed to species under the Zeiss microscope. A subsample of all
specimens determined to be of the Anopheles gambiae complex are set are placed in
micro-centrifuge tubes and labeled with the date and location. These specimens were to
be returned to the University of South Florida for speciation by PCR.
Once all specimens for a trap are identified, non-Anopheles species are discarded
and the same process begins with the specimens from the remaining traps (It should be
noted reference samples were kept of all non-Anopheles species and returned to the
University of South Florida for the confirmation of genera). After completion, the
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identification data is added to the Adult Data Excel file and the Indoor Adult Excel for
future analysis.
5:00 pm- Field Team Data Processing
At the end of the workday the daily surveillance data was returned to the
director’s office for processing. Generally the field team member who sets the outdoor
traps collected all field team data and brought it to the office, however data was
sometimes delivered by the field team members themselves. Processing the field data
involved various steps and is outlined below:
1. Collect Larval Habitat Surveillance Sheet (Done individually by Zone).
• If the sheet is completely full, it is removed, dated, and placed in a
binder as reference material. A new sheet is then provided to
replace the completed sheet.
• If the sheet is not completely filled out, a picture is taken of the data
generated that day and uploaded to the director’s computer. This
picture, along with the binder containing the completed sheets, is
used for data entry the next day.
2. GPS points uploaded (Done individually by Zone)
• At the end of each surveillance day, the GPS unit was returned to
the director for uploading. A USB cable (For eTrex 10) or serial-toUSB converter cable (eTrex H, Vista) was connected to the GPS and
then to the director’s computer to allow for data upload into the
EasyGPS software. Once uploaded, the .gpx files were saved and
named by zone and date. For example the results for Zone A on
January 1, 2016 would be named A_01_01_2016.
3. GPS File Conversion
• Once acquired, the .gpx waypoint files need to be converted to a
.kml file in order to be properly displayed in ArcGIS. To convert
these files, GPX2KML software was used. Each zone’s .gpx file for
the day was simply uploaded into the converter and converted to a
.kml file. These files were saved under the same name as their
original .gpx files in a separate folder. Adult GPS surveillance data
from the previous day was also uploaded and converted in this
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same fashion and placed in a specific Adult Surveillance folder.
This data would be used the next day during the remote sensing
portion of data entry.
4. Larval Identification (Done individually by Zone)
• The field team was instructed to place all positive samples in
labeled Whirl-Pak bags and return them to the director at the end
of the day. The number generated by the GPS was written on these
bags so they could be aligned spatially with their sampling
location.
• The director counted, identified to genus, and recorded all larvae
located within each positive Whirl-Pak bag. This data was written
in a notebook and would be entered into the Larval Data Excel file
the next morning. A subsample of Anopheles larvae were kept as
reference samples and the remaining samples were poured out. The
Whirl-Pak bags were washed out and set to dry overnight for
future reuse.
6:00 pm- Adult Sampling/Set-Up
All equipment for the adult sampling, both indoor and outdoor, is packed and
given to the outdoor surveillance field team member. This includes 3 fully charged
batteries, 3 CDC light trap bags, 1 CDC light traps for indoor sampling, CO2 datalogger,
and the Indoor Adult Surveillance Data Sheet.
This same team member also delivers the field materials back to the larval
surveillance team (if they did not personally deliver their materials for sorting) after
setting up all adult surveillance equipment and completing the Indoor Adult
Surveillance Data Sheet.

*In general, the steps described above occurred each week from Tuesday-Saturday.
Mondays did not include data entry, CO2, or adult mosquito analysis, as no field work
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was typically done on Sundays. Instead, remote sensing work, quality control, and
educational workshops were commonly performed on Mondays. Oftentimes field team
members were accompanied during surveillance, educational workshops were given
within local primary schools and to community members at community gathering
places, and all remote sensing maps from the previous week were finalized.
** Adult sampling took place Monday-Thursday. Data entry for adult mosquitoes, and
CO2 data occurred from Tuesday-Friday.
***Final remote sensing maps for the week and for a combination of all weeks up to that
point were generated over the weekends, typically on Sunday.
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Complete Training Schedule
Week 1
• 3/14/16
o Initial team meeting and project introduction
• 3/16/16
o Dipping/Habitat location training (Within ZONE B)
• 3/17/16
o Initial GPS training
• 3/18/16
o Field data sheet training (Within ZONE B)
Week 2:
• 3/21/16
o Comprehensive training (ZONE D) Osia spring well, swamp/rice paddies,
river
• 3/22/16
o Comprehensive training (ZONE C) Pakamalung spring well, runoff, rice
paddies
• 3/23/16
o Comprehensive training (ZONE C) Magoro spring well, runoff, swamp,
borehole
o Meeting with all Papoli Community Leaders explaining the project
• 3/24/16
o Malawa Comprehensive training (ZONE A) Spring well, borehole
• 3/25/16-3/28/16
o No training due to Easter celebrations
Week 3:
• 3/29/16
o Final GPS refresher training
o CDC miniature light trap training
o CO2 training
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Field Notes: Training
Week 1
03/14/16: Initial meeting with the entire field team
Introductions were made and a proposed plan for further training obtained.
This session discussed key aspects of local mosquito behavior as well as the basics to
larval sampling, but no true hands on training occurred.
03/16/16: Dipping with entire field team
This training was simply to identify possible habitats and dip them properly.
Properly identifying larvae was an unexpected bonus as this was planned to be taught
later. Multiple spring wells, their runoff, and a fish pond were surveyed and dipped.
Anopheles larvae were present at the fish pond and in large numbers.
03/17/16: GPS training with entire field team
This training was an introduction to utilizing the GPS. Each member was given
a GPS unit and individually taught its functions. The team then set off around the
grounds of PACODEF taking false waypoints and practicing the skill. This training
would continue, as a few of the field team members are still new to the skill and not yet
completely comfortable. It was encouraged for team members to assist each other and
eliminate instructions that were lost in translation.
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03/18/16: Field data sheet training with entire field team
Field data sheet training (while incorporating earlier trained skills) with entire
field team. This training focused on how to fill out the provided field data sheet. A site
was pre-identified (Borehole runoff) and the team met there to begin the process. First,
the field data sheet was explained in great detail. The team then filled out the
corresponding data for the site as well as took the GPS coordinates. The site was then
dipped and found to be positive for both Anopheles and Culex larvae. The field team’s
ability to differentiate these species was impressive and this may be incorporated into
the field sheet at a later time.
We were then led by one of the field team members to areas where he knew
water to be present. This was a natural spring well. We went through the procedure
again and dipped the area. Hoof prints on the outskirts of this well provided
exceptional habitats and the field team was able to located and extract an impressive
number of Culex mosquitoes. This is surely a dry season Culex hot-spot. Anopheles larvae
were present, but in very small numbers.
The field team also identified significant Culex larvae within banana holes.
These holes are dug and planted with a juvenile banana tree and flood easily, making
perfect habitats. The field team demonstrated a keen knowledge of the community
landscape and its water sources. Many of the team members have resided within the
community for upwards of 60 years, making their local knowledge invaluable.
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Week 2*
*To ensure complete understanding we continued group training in this fashion for the week.
This week was shortened by the Easter celebrations within the community and served well to
ensure complete understanding and exhibit extensive team training.
All aspects of the project were combined and trained with entire field team
during this week. The remaining zones that were not covered in the initial training days
(Zones A, C, D) were covered as a group. These zones, combined with the previous
week’s surveillance of Zone B, resulted in a mini-version of a week’s surveillance.

3/21/16
Training began in ZONE D in the village of Osia where field team member
Miriam is a community leader. We surveyed the area as team and were eventually led
to a natural spring well. This well, as well as its runoff was sampled but produced no
larvae. We continued moving through the zone and reached a large rice paddy on the
northeastern end. This paddy produced many larvae, both Anopheles and others. The
paddy stretched for quite some ways and was comprised of multiple plots. We sampled
this as well as the surrounding marshy environment and located a number of samples.
This rice paddy was certainly identified as a highly productive area during these dry
months.
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3/22/16
Training began in ZONE D in the village of Pakamalung A where field team
member Miriam is a community leader. We surveyed the area as team, and once again
ended up at a natural spring well. The well runoff looked like a prime oviposition
habitat, but extensive dipping proved otherwise. We once again ended up in the rice
paddies of ZONE D and encountered a large number of mosquito larvae.
3/23/16
Training began in ZONE C in the village of Magoro B where field team
member Ogola is a community leader. We surveyed the area as team and it was
uncharacteristically dry. Ogola led us to the southernmost end of Papoli where a small
swamp fed by a spring was located. Here we encountered some larvae, Anopheles and
others, but not in large quantities. We had a quick retraining of the GPS system as well
as a training for filling in the field sheet. We stopped at the community borehole on the
surveillance trip back, but no larvae were present.
A meeting took place with all community leaders and members who were
interested about the scope of the project. I opened the meeting, but allowed the field
team to lead the majority of the discussion as they could best convey the somewhat
complicated information and were trusted faces within the community.
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3/24/16
The final day of comprehensive group training began in ZONE D in the village
of Malawa A, where field team member Lillian is a community leader. We once again
were led to a natural spring. This spring had extensive run off, but was teeming with
frogs and tadpoles. No mosquitoes were present, which I suspect was due to the
predation. The local borehole was next and looked to be a prime habitat. This proved to
be true as many Anopheles larvae were discovered during the subsequent dips.
The team then moved to a man-made grouping of fish ponds. These ponds
were deep and filled with fish, and the habitat did not yield larvae. Only a few places
were promising for possible larvae habitation within these deep pools, but once again
the predation factor may have been the reason for their absence. We reconvened after
large scale dipping and went over the GPS and field sheet one final time.
3/29/16
Final GPS Training was performed on the grounds of the pediatric center. A
quick training also occurred with Omusa John on how to perform adult light trapping.
3/30/16-09/05/16
This timeframe encompassed the actual surveillance period and involved
periodic individual training. I walked the zone with each respective team member
refreshing skills, answering any questions, and ensuring quality surveillance. Time
permitting this was performed with at least 2 team members per week.
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*
Malaria
Illustration
Flat on Surface
Often found in areas of little to no shade
Often in clear water, does not like polluted
Can be in water as small as a cow print

Disturbing
Illustration
Head down, at angle below surface
Found in all water sources
Often in polluted water
Can be in water as small as cow print

Figure B9: Mosquito Larvae Differentiation Guide*
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Figure B10: Larval Dip Training
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GPS Field Reference Guides
HOW TO WORK GPS (eTrex H)
1. Turn on by pressing the bottom button on the right (BUTTON A) down for 2
seconds.
• This button is marked PWR on the black part of the GPS.
2. Wait while the GPS loads and tracks satellites. Wait until these are found.
3. Press top right button 4 times (BUTTON B) until you reach the screen with
MARK.
• This button reads PAGE on the black part of the GPS.
4. Make sure black highlight is on mark. If Mark is not highlighted use the Top 2
buttons (C Buttons) on the left side to move the black highlight to MARK.
• The top button move the highlight up.
• The bottom button moves the highlight down.
5. Once Mark is highlighted black use the bottom button on the left (Button D) to
select MARK.
6. Make sure OK is highlighted black.
7. Use (Button D) to select OK.
8. Record Number on Sheet.
9. If any issues occur, press (Button B) and return to the menu. Continue pressing
(Button B) until Mark is reached.
• You can also hold down (Button A) and turn off the GPS. Then hold
down (Button A) to turn the GPS back on and then begin again.
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HOW TO WORK GPS (SILVER eTrex VISTA)
1. Turn on by pressing the bottom button on the right (BUTTON A).
2. Wait while the GPS loads and tracks satellites. Wait until these are found.
3. Press top right button 5 times (BUTTON B) until you reach the screen with
MARK.
4. Use the stick button (BUTTON C) on the front of the GPS to move the black
highlight to MARK.
5. Press the stick button in to select MARK.
6. Make sure the black highlight is on OK.
7. Press in the stick button to select OK.
8. If any issues occur, press the (BUTTON B) on the top right of the GPS and return
to the menu. Continue to press this button until you reach the MARK screen.
• You can also hold down (BUTTON A) and turn off the GPS. Then hold
down (BUTTON A) to turn the GPS back on and then begin again.
9. Record Number on Field Sheet.
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HOW TO WORK GPS (eTrex 10)
1. Turn On by pressing the bottom button on the right (BUTTON A) down for 2
seconds. This button reads LIGHT.
2. Use the stick button (BUTTON B) moving it up, down, right, or left on the front
right of the GPS to move the black highlight to the MARK WAYPOINT Box.
3. Press in the stick button (BUTTON B) to select this MARK WAYPOINT box.
4. Move the dark highlight to Done using the stick button (BUTTON B).
5. Press in the stick button (BUTTON B) to select this DONE box.
6. Record the Number on sheet.
7. If any issues occur, press the button marked BACK on the top right of the GPS
(BUTTON C) and return to the menu.
• You can also hold down (BUTTON A) and turn off the GPS. Then hold
down (BUTTON A) to turn the GPS back on and then begin again.
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Dummy Variable Reference Guide
Larval Surveillance

Vegetation
• 0 = None
• 1 = Short
• 2 = Long
• 3 = Floating
• 4 = Short/Long/Floating
• 5 = Short/Long
• 6 = Short/Floating
• 7 = Long/Floating
Larvae
• 0 = None
• 1 = Early stage
• 2 = Late Stage
• 3 = Early/Late Stage
Pupae
• 0 = Yes
• 1 = No
Genera*
• 0 = None
• 1 = Anopheles (Anopheles)
• 2 = Culex (Cx.)
• 3 = Anopheles/Cx.- no dominant
genera
• 4 = Anopheles/Cx.- Anopheles
dominance
• 5 = Anopheles/Cx.- Cx.
dominance
• 6 = Aedes
• 7 = Predacious
• 8 = Other
• 9 = Green Hue

No Available Data
• 99
Individual Site Depiction
• Week_Zone_Site:
o EX:W1_A_001
Zone
• 1=A
• 2=B
• 3=C
• 4=D
Change
• 0 = Yes
• 1 = No
• 2 = 1st Visit
Shade
• 0 = Yes
• 1 = No
Water
• 0 = Yes
• 1 = No
Size
• 0 = <10m
• 1 = 10-100m
• 2 = >100m
Quality
• 0 = Clear
• 1 = Polluted
• 2 = Both
Depth
• 0 = <0.5m
• 1 = 0.5-1m
• 2 = >1m

*Combinations beyond a single species
were labeled from smallest to largest to
create numerical dummy variables.
• Anopheles/Cx./Aedes would be
given the dummy variable 126
338

Indoor Adult Surveillance
No Available Data
• 99
Individual Site Depiction
• Week_Zone_Site:
o EX:W1_A_001
Bednet
• 0 = Yes
• 1 = No
Homesize
• 0 = <15m2
• 1 = 15-30m2
• 2 = >15m2
Home Type
• 0 = Mud
• 1 = Brick
• 2 = Concrete

Roof Type
• 0 = Thatched
• 1 = Tin
• 2 = Thatched/Tin
Home/Roof Combination
• 0 = Mud/Thatched
• 1 = Brick/Tin
• 2 = Concrete/Tin
• 3 = Mud/Tin
Repellant Use
• 0 = No
• 1 = Bednet
• 2 = “Christmas Tree” Burnin
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Figure B11: Enamel Pan for Larval Differentiation
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Outdoor Adult Mosquito Surveillance Schedule
Monday:
• Sections A,B will set transects from edge to edge
• 1 Indoor trap will be set up in section A,B
Tuesday/Wednesday:
• Recharge Monday batteries
• Sort adult samples to genus and species if possibly
• Input adult data
Thursday:
• Sections B,C will set transects from edge to edge
• 1 Indoor trap will be set up in section C,D
Friday
• Recharge Thursday batteries
• Sort adult samples to genus and species if possibly
• Input adult data
• Input CO2 reader data
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Outdoor Adult Surveillance Field Guide
Set up – To be done in the evening ~5-6pm
Outdoor
Set up light trap at chest height in designated outdoor areas
1. Attach motor to rain guard with twist screw
2. Tie trap to the area
3. Attach collection bag to motor
4. Attach + and - wires to battery + and –
5. Leave overnight to collect
Indoor
Set up light trap at chest height in indoor area that is out of the way
1. Attach motor to rain guard with twist screw
2. Tie trap to the area
3. Attach mosquito collection bag to motor
4. Attach + and - wires to battery + and –
5. Leave overnight to collect
Pick up/Take down- To be done in the morning~7-8am
1. Remove the bag while the motor is still running.
2. Hit top of mosquito bag knocking any high flying mosquitoes lower in the
bag
3. Quickly remove the mosquito bag and tied it closed
4. Place mosquito bag in transport bag
Outdoor
• Take apart light trap and put in transport bag
• ALWAYS BRING BACK BATTERY FOR CHARGING
Indoor
• Take apart light trap and put in transport bag
• ALWAYS BRING BACK BATTERY FOR CHARGING
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Figure B12: Historical Week 1 Habitat ID with Week 2 Overlay
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Figure B13: Historical Merge
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Table B1: Papoli’s Weekly Vector Count
Week

Date

2
3
4
5
6

04/04/2016
04/11/2016
04/18/2016
04/25/2016
05/02/2016

An. arabiensis
3
3
28
29
34

An. funestus
0
0
0
1
0

An. gambiae
0
0
8
6
13

7
8
9
10
11
12

05/09/2016
05/16/2016
05/23/2016
05/30/2016
06/06/2016
06/13/2016

21
9
36
94
38
3

0
18
18
61
42
7

13
14
15
16
Total

06/20/2016
06/27/2016
07/04/2016
07/11/2016

24
7
7
4
340

9
5
0
3
164

Total

An. gambiae spp
1
4
1
0
4

4
7
37
36
51

5
12
10
43
11
0

6
12
1
0
0
1

32
51
65
198
91
11

0
0
0
0
108

0
3
2
1
36

33
15
9
8
648

Weekly Malaria Vector Population
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Figure B14: Papoli’s Malaria Vector Population Over Time
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13

An. arabiensis
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An. gambiae
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Figure B15: Papoli’s Weekly Anopheles gambiae Population

An. arabiensis
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Figure B16: Papoli’s Weekly Anopheles arabiensis Population
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An. funestus
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Figure B17: Papoli’s Weekly Anopheles funestus Population

Table B2: PCR Master Mix: Papoli
Reagent
PCR H20
Taq 10X PCR Buffer with MgCl2

1X (µl)
11.375
2.5

2mM dNTP

2.5

MgCl2
UN (GTGTGCCCCTTCCTCGATGT)

1.5
0.625

AR (AAGTGTCCTTCTCCATCCTA)

0.625

GA (CTGGTTTGGTCGGCACGTTT)
Taq DNA polymerase

0.625
0.25

Total

20
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12

13

14

15

16

Lane 1: Anopheles gambiae (390bp)
Lane 2: Anopheles arabiensis (315bp)
Lane 3: 1kb ladder
Figure B1893: Displayed Primer Fragments for Identification
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Table B3: Chi Square Output: Anopheles
Variable
ev_Depth
ev_Site_Size
ev_change
ev_floating
ev_long
ev_shade
ev_short
hab_puddle
hab_tiretracks
hab_holeditch
hab_agriculture
hab_storage
hab_fishpond
hab_well
Week_Avg_humidity
Week_Avg_maxtemp_C
Week_Rain_Total_mm
anoph by Zone
anoph by pupae
spec_culex
spec_green

DF
8
8
4
4
4
4
4
4
4
4
4
4
4
4
56
48
56
12
4
4
4

Value
81.6187
136.0383
77.2056
150.3988
55.9358
60.8151
220.6345
59.9918
12.4347
29.0969
191.2302
105.4138
14.4505
11.1039
239.0101
160.7813
212.0682
662.6227
61.0062
228.6139
29.4006
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Probability
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0144
<.0001
<.0001
<.0001
0.0060
0.0254
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001

Table B4: Chi Square Output: Nuisance
Variable
ev_Depth
ev_Site_Size
ev_change
ev_quality
ev_floating
ev_long
ev_shade
ev_short
hab_puddle
hab_animaltracks
hab_agriculture
hab_storage
hab_swamp
hab_fishpond
hab_other
Week_Avg_humidity
Week_Avg_maxtemp_C
Week_Rain_Total_mm
by week
by Zone

DF
10
10
5
5
5
5
5
5
5
5
5
5
5
5
5
70
60
70
75
15

Value
42.2510
40.3911
57.5067
19.6174
139.8743
62.0515
42.2057
64.2940
20.8959
11.9735
71.0224
77.1788
15.3972
17.1802
21.0398
195.9930
160.6563
203.0048
205.2992
262.8669
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Probability
<.0001
<.0001
<.0001
0.0015
<.0001
<.0001
<.0001
<.0001
0.0008
0.0352
<.0001
<.0001
0.0088
0.0042
0.0008
<.0001
<.0001
<.0001
<.0001
<.0001

Table B5: VIF Output: Anopheles
Analysis of Variance
Sum of
Mean
Source
DF
Squares
Square F Value Pr > F
Model
20 2908.86261 145.44313
16.55 <.0001
Error
5593
49165
8.79051
Corrected Total 5613
52074
Root MSE
2.96488 R-Square 0.0559
Dependent Mean
0.64820 Adj R-Sq 0.0525
Coeff Var
457.40135
Parameter Estimates
Parameter Standard
Variable
DF
Error t Value Pr > |t|
Estimate
Intercept
1
-9.79379
1.77490
-5.52 <.0001
ev_Depth
1
-0.08080
0.09288
-0.87 0.3844
ev_Site_Size
1
-0.24671
0.09842
-2.51 0.0122
ev_change
1
0.35598
0.09495
3.75 0.0002
ev_floating
1
0.57798
0.09723
5.94 <.0001
ev_long
1
-0.31422
0.09115
-3.45 0.0006
ev_shade
1
-0.18948
0.12189
-1.55 0.1201
ev_short
1
0.17370
0.10225
1.70 0.0894
hab_puddle
1
0.54582
0.16905
3.23 0.0013
hab_tiretracks
1
-0.32773
0.31030
-1.06 0.2909
hab_holeditch
1
0.09654
0.13750
0.70 0.4826
hab_agriculture
1
0.53148
0.13861
3.83 0.0001
hab_storage
1
-0.40150
0.17948
-2.24 0.0253
hab_fishpond
1
0.05516
0.30376
0.18 0.8559
hab_well
1
-0.23024
0.16353
-1.41 0.1592
wt_Week_Avg_humidity
1
0.02998
0.00810
3.70 0.0002
wt_Week_Avg_maxtemp_C 1
0.26203
0.05012
5.23 <.0001
wt_Week_Rain_Total_mm
1
-0.00511
0.00129
-3.97 <.0001
Zone
1
0.40469
0.04489
9.02 <.0001
spec_culex
1
0.15520
0.10173
1.53 0.1272
spec_green
1
-0.45387
0.29003
-1.56 0.1177
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Variance
Inflation
0
1.26692
1.91976
1.07935
1.15185
1.24870
1.41826
1.56404
1.37300
1.12860
1.67175
2.63911
2.20672
1.19248
1.41560
1.97523
1.83388
1.33016
1.32668
1.05473
1.03197

Table B6: VIF Output: Nuisance
Number of Observations Read
5624
Number of Observations Used
5610
Number of Observations with Missing Values
14
Analysis of Variance
Sum of
Mean
Source
DF
Squares
Square F Value Pr > F
Model
19 6325.19131 332.90481
8.93 <.0001
Error
5590
208292 37.26149
Corrected Total 5609
214617
Root MSE
6.10422 R-Square 0.0295
Dependent Mean
1.43797 Adj R-Sq 0.0262
Coeff Var
424.50314
Parameter Estimates
Parameter Standard
Variable
DF
Error t Value Pr > |t|
Estimate
Intercept
1
-7.01709
3.64005
-1.93 0.0539
ev_Depth
1
0.46418
0.19211
2.42 0.0157
ev_Site_Size
1
-0.12927
0.20281
-0.64 0.5239
ev_change
1
0.81924
0.19477
4.21 <.0001
ev_quality
1
0.86144
0.19842
4.34 <.0001
ev_floating
1
0.07009
0.19575
0.36 0.7203
ev_long
1
-0.16154
0.18741
-0.86 0.3888
ev_shade
1
0.44638
0.25023
1.78 0.0745
ev_short
1
0.23182
0.21179
1.09 0.2737
hab_puddle
1
-0.96626
0.32918
-2.94 0.0033
hab_animaltracks
1
-0.86178
0.51467
-1.67 0.0941
hab_agriculture
1
-0.16445
0.27269
-0.60 0.5465
hab_storage
1
1.38528
0.32463
4.27 <.0001
hab_swamp
1
-0.65293
0.30131
-2.17 0.0303
hab_fishpond
1
-0.80685
0.60901
-1.32 0.1853
hab_other
1
15.00016
2.73929
5.48 <.0001
wt_Week_Avg_humidity
1
0.02236
0.01661
1.35 0.1782
wt_Week_Avg_maxtemp_C 1
0.18479
0.10290
1.80 0.0726
wt_Week_Rain_Total_mm
1
-0.00700
0.00265
-2.64 0.0082
Zone
1
0.54479
0.09923
5.49 <.0001
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Variance
Inflation
0
1.27842
1.92175
1.07069
1.30393
1.10022
1.24431
1.40881
1.58190
1.22804
1.11837
2.40663
1.70298
1.23994
1.13076
1.00600
1.95663
1.82182
1.32866
1.52725

Table B7: Poisson Output: Anopheles
Exchangeable Working Correlation
Correlation

0.0526175716
GEE Fit Criteria
QIC

603.0789

QICu

597.3510

Analysis Of GEE Parameter Estimates
Empirical Standard Error Estimates
Parameter

Estimate

Intercept

Standard Error 95% Confidence Limits

Z Pr > |Z|

-4.8535

1.2213

-7.2472

-2.4599

-3.97

<.0001

ev_Site_Size

1

-0.2920

0.1967

-0.6775

0.0935

-1.48

0.1376

ev_Site_Size

2

-2.3714

0.5651

-3.4790

-1.2638

-4.20

<.0001

hab_agriculture

1

0.3061

0.2197

-0.1245

0.7366

1.39

0.1635

hab_storage

1

-2.3616

0.6882

-3.7105

-1.0128

-3.43

0.0006

hab_fishpond

1

-2.7999

0.7552

-4.2799

-1.3198

-3.71

0.0002

0.1658

0.0414

0.0847

0.2469

4.01

<.0001

wt_Week_Avg_maxtemp_
wt_Week_Rain_Total_m

-0.0070

0.0014

-0.0097

-0.0043

-5.11

<.0001

Zone

2

-1.2518

0.2831

-1.8067

-0.6970

-4.42

<.0001

Zone

3

-1.3234

0.2279

-1.7701

-0.8767

-5.81

<.0001

Zone

4

0.9103

0.1861

0.5456

1.2750

4.89

<.0001

spec_culex

1

0.1895

0.1464

-0.0975

0.4766

1.29

0.1955

Table B8: Poisson Output: Nuisance
Exchangeable Working Correlation
Correlation

0.1391980832
GEE Fit Criteria
QIC

376.6710

QICu

367.4562

Analysis Of GEE Parameter Estimates
Empirical Standard Error Estimates
Parameter

Estimate

Intercept

Standard Error 95% Confidence Limits

Z Pr > |Z|

-0.6486

0.2454

-1.1296

-0.1675

-2.64 0.0082

ev_change

1

0.4315

0.1514

0.1347

0.7283

2.85 0.0044

ev_quality

1

0.3724

0.1338

0.1103

0.6346

2.78 0.0054

ev_shade

1

0.5346

0.1637

0.2138

0.8555

3.27 0.0011

hab_swamp

1

-0.6000

0.1395

-0.8734

-0.3266

-4.30 <.0001

hab_other

1

2.2312

0.8421

0.5808

3.8817

2.65 0.0081

-0.0031

0.0016

-0.0063

0.0001

-1.92 0.0551

0.2746

0.0760

0.1256

0.4235

3.61 0.0003

wt_Week_Rain_Total_m
Zone
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Table B9: Negative Binomial Output: Anopheles
Exchangeable Working Correlation
Correlation

0.0198079845

GEE Fit Criteria
QIC
-1985.0882
QICu

-1989.0728

Analysis Of GEE Parameter Estimates
Empirical Standard Error Estimates
Parameter

Estimate

Intercept

Standard Error 95% Confidence Limits

Z Pr > |Z|

-6.3719

1.7974

-9.8946

-2.8491

-3.55

0.0004

ev_Site_Size

1

-0.3806

0.1628

-0.6997

-0.0614

-2.34

0.0194

ev_Site_Size

2

-2.4005

0.6052

-3.5867

-1.2144

-3.97

<.0001

hab_agriculture

1

0.4736

0.1819

0.1172

0.8301

2.60

0.0092

hab_storage

1

-2.8879

0.5881

-4.0406

-1.7352

-4.91

<.0001

hab_fishpond

1

-2.7074

0.7238

-4.1261

-1.2887

-3.74

0.0002

0.2158

0.0624

0.0935

0.3381

3.46

0.0005

wt_Week_Avg_maxtemp_
wt_Week_Rain_Total_m

-0.0074

0.0023

-0.0120

-0.0029

-3.22

0.0013

Zone

2

-1.7717

0.2700

-2.3009

-1.2424

-6.56

<.0001

Zone

3

-2.0593

0.2675

-2.5835

-1.5351

-7.70

<.0001

Zone

4

0.7359

0.2314

0.2823

1.1894

3.18

0.0015

spec_culex

1

1.4862

0.1894

1.1150

1.8573

7.85

<.0001

Table B10: Negative Binomial Output: Nuisance
Exchangeable Working Correlation
Correlation

0.1078614911
GEE Fit Criteria
QIC

-14135.3969

QICu

-14135.6309

Analysis Of GEE Parameter Estimates
Empirical Standard Error Estimates
Parameter

Estimate

Intercept

Standard Error 95% Confidence Limits

Z Pr > |Z|

-0.4372

0.2127

-0.8541

-0.0203

-2.06 0.0398

ev_change

1

0.4249

0.1301

0.1700

0.6798

3.27 0.0011

ev_quality

1

0.3978

0.1266

0.1497

0.6459

3.14 0.0017

ev_shade

1

0.6372

0.1723

0.2994

0.9749

3.70 0.0002

hab_swamp

1

-0.5520

0.1443

-0.8349

-0.2691

-3.82 0.0001

hab_other

1

3.1291

0.8223

1.5174

4.7409

3.81 0.0001

-0.0071

0.0013

-0.0097

-0.0045

-5.41 <.0001

0.2317

0.0661

0.1022

0.3613

3.51 0.0005

wt_Week_Rain_Total_m
Zone
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Figure B19: Weekly Anopheles Habitat Modeling
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Figure B20: Weekly Nuisance Habitat Modeling
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Figure B21: Weekly Anopheles Local Moran’s I Modeling
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Figure B22: Weekly Nuisance Local Moran’s I Modeling
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Figure B23: Weekly Anopheles IDW Interpolations
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Figure B24: Weekly Nuisance IDW Interpolations
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Appendix C: Chapter 3

Figure C1: Papoli Parish
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Figure C2: LULC of Larval Surveillance Area
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Figure C3: Surveillance Area: Population Density and 0.5km Buffer
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Figure C4: Surveillance Area Including Zonal Boundaries
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Figure C5: Daily Rainfall by Week
Table C1: Weekly Rainfall
Week
Pre-Arrival
Training
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Avg Daily Rainfall
(mm)
2.86
2.07
6.14
18.43
16.21
6.57
0.57
7.79
5.71
10.00
5.00
0.00
1.07
3.14
4.57
4.00
0.00
0.14

Table C2: Monthly Rainfall
Total Rainfall
(mm)
20.00
14.50
43.00
129.00
113.50
46.00
4.00
54.50
40.00
70.00
35.00
0.00
7.50
22.00
32.00
28.00
0.00
1.00
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Month
March
April
May
June
July

Avg Daily Rainfall
(mm)
1.816
11.183
6.44
2.98
0.06

Total Rainfall
(mm)
34.5
335.5
199.5
89.50
1.00

Figure C6: Habitat Model Week 1
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Figure C7: Habitat Model Week 2
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Figure C8: Habitat Model Week 3
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Figure C9: Habitat Model Week 4
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Figure C10: Habitat Model Week 5
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Figure C11: Habitat Model Week 6
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Figure C12: Habitat Model Week 7
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Figure C13: Habitat Model Week 8
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Figure C14: Habitat Model Week 9
392

Figure C15: Habitat Model Week 10
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Figure C16: Habitat Model Week 11
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Figure C17: Habitat Model Week 12
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Figure C18: Habitat Model Week 13
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Figure C19: Habitat Model Week 14
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Figure C20: Habitat Model Week 15
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Figure C21: Habitat Model Week 16
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Table C3: Moran’s I Autocorrelation
Week

Moran's Index

z-score

p-value

1

-0.013066

0.012054

0.990382

2

0.010379

0.225019

0.821964

3

0.168173

3.883808

0.000103

4

0.629283

14.461069

0.000000

5

0.622881

16.716332

0.000000

6

0.251934

4.818493

0.000001

7

0.054189

1.466515

0.142508

8

0.058488

1.618322

0.105593

9

0.144689

4.203926

0.000026

10

0.080315

3.211992

0.001318

11

0.225571

5.321790

0.000000

12

0.105720

2.560649

0.010448

13

0.078098

3.115252

0.001838

14

0.202997

7.390563

0.000000

15

0.032872

1.138473

0.254923

16

0.017599

0.591973

0.553869
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Figure C22: Anselin’s Local Moran’s I Week 1
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Figure C23: Anselin’s Local Moran’s I Week 2
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Figure C24: Anselin’s Local Moran’s I Week 3
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Figure C25: Anselin’s Local Moran’s I Week 4
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Figure C26: Anselin’s Local Moran’s I Week 5
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Figure C27: Anselin’s Local Moran’s I Week 6
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Figure C28: Anselin’s Local Moran’s I Week 7
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Figure C29: Anselin’s Local Moran’s I Week 8
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Figure C30: Anselin’s Local Moran’s I Week 9
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Figure C31: Anselin’s Local Moran’s I Week 10
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Figure C32: Anselin’s Local Moran’s I Week 11
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Figure C33: Anselin’s Local Moran’s I Week 12
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Figure C34: Anselin’s Local Moran’s I Week 13
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Figure C35: Anselin’s Local Moran’s I Week 14
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Figure C36: Anselin’s Local Moran’s I Week 15
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Figure C37: Anselin’s Local Moran’s I Week 16
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Appendix D: Chapter 4

Figure D1: Papoli Parish
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Figure D2: Daily Rainfall by Week
Weekly Rainfall
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Figure D3: Weekly Rainfall
418

10

11

12

13

14

15

16

Weekly Comparison: All Anopheles vs. Late Instar Nuisance
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Figure D4: Comparison of Total Larval Count by Week

Table D1: Comparison of Total Larval Count by Week
WEEK
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Total Anopheles
10
22
55
223
338
233
238
343
769
519
388
124
130
134
79
34

Total Late Instar Nuisance
170
83
193
312
512
485
1290
651
1171
765
506
554
335
508
317
240
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Figure D5: Weekly Anopheles Larval Counts
Weekly Late Instar Nuisance
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Figure D6: Weekly Nuisance Larval Counts
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Table D2: Habitat Productivity by Week: Anopheles
WEEK
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
TOTAL

Anopheles Habitat Productivity by Week
Puddle Tire Tracks Animal Track Roadside Ditch/Hole Agriculture Tire Storage Stream Swamp Fishpond Well Other Bridge Pond Total
0
0
0
0
1
3
0
0
0
2
0
3
0
1
0
10
0
0
0
0
0
8
0
0
2
0
0
12
0
0
0
22
6
0
0
0
0
49
0
0
0
0
0
0
0
0
0
55
32
0
0
1
5
150
0
0
22
6
1
6
0
0
0
223
77
1
0
0
3
231
0
1
13
7
0
4
0
1
0
338
68
0
14
0
8
142
0
0
0
1
0
0
0
0
0
233
54
0
15
0
5
142
0
0
0
17
0
5
0
1
0
238
84
0
27
0
53
120
0
3
0
50
0
2
0
4
0
343
118
22
1
5
200
331
0
5
8
25
1
51
0
2
0
769
57
0
14
0
77
218
0
25
0
75
0
46
0
7
0
519
37
0
0
6
40
268
0
0
0
18
0
17
0
2
0
388
14
0
2
0
19
66
0
0
0
9
0
9
0
1
4
124
15
0
0
2
6
89
0
0
0
8
0
2
0
8
0
130
28
0
6
0
14
57
0
0
0
18
0
2
0
9
0
134
8
0
3
0
8
41
0
1
0
4
0
5
0
9
0
79
4
0
0
1
3
15
0
0
0
0
0
11
0
0
0
34
589
23
82
15
442
1930
0
35
45
240
2
175
0
45
4 3639

Table D3: Habitat Productivity by Week: Late Stage Nuisance
Late Stage Nuisance Habitat Productivity By Week
Week Puddle Tire Tracks Animal Track Roadside Ditch/Hole Agriculture Tire Storage Stream Swamp Fishpond Well Other Bridge Pond Total
1
0
0
0
0
0
50
0
67
2
14
12 17
0
8
0
170
2
1
0
0
0
3
4
0
7
27
0
0 40
0
1
0
83
3
88
15
0
0
1
11
0
49
0
3
0 24
0
2
0
193
4
6
29
1
9
60
38
0
137
0
15
1
1
8
2
5
312
5
7
18
0
4
98
122
0
197
0
34
7 21
0
4
0
512
6
37
0
0
3
36
130
0
198
2
21
5 49
0
4
0
485
7
30
24
12
31
119
448 65
398
0
52
0 99
0
12
0 1290
8
15
2
1
2
106
172
0
242
0
31
0 79
0
1
0
651
9
33
6
8
4
262
336
0
277
3
44
0 194
0
4
0 1171
10
24
27
25
14
64
178
0
246
0
43
0 134
10
0
0
765
11
16
7
0
13
70
199
0
51
0
72
12 62
0
4
0
506
12
11
0
71
10
135
234
0
24
0
17
0 36
0
16
0
554
13
13
10
17
3
103
82
0
66
0
10
0 30
0
1
0
335
14
29
0
6
1
157
228
0
38
0
7
0 38
0
4
0
508
15
5
0
13
7
63
139
0
19
0
20
0 49
0
2
0
317
16
9
0
0
20
51
76
0
0
0
23
0 52
0
9
0
240
Total
324
138
154
121
1328
2447 65
2016
34
406
37 925
18
74
5 8092
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Figure D7: Habitat Productivity by Week: Anopheles
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Figure D8: Habitat Productivity by Week: Nuisance
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Table D4: Anopheles Habitat Characteristics by Week
Anopheles Weekly Habitat Characteristics
Week
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Total Habitats
6
7
14
48
56
40
38
73
93
90
73
46
58
54
34
22

Predominant
Habitat
Swamp
Well
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture

Predominant
Habitat %
33%
57%
86%
63%
57%
65%
53%
51%
42%
44%
62%
52%
64%
46%
47%
55%

Productive
Habitat
Agriculture, Well
Well
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture

Productive
Habitat %
30%
55%
89%
67%
68%
61%
60%
35%
43%
42%
69%
53%
68%
43%
52%
44%

Table D5: Late Stage Nuisance Habitat Characteristics by Week
Late Stage Nuisance Weekly Habitat Characteristics
Week
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Total Habitats
20
22
27
55
72
76
108
89
127
98
99
71
74
83
70
49

Predominant
Habitat
Agriculture
Well
Storage Container
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture

Predominant

Productive

Productive

38%
47%
26%
33%
33%
38%
40%
39%
38%
46%
43%
54%
36%
51%
49%
37%

Storage Container
Well
Puddle
Storage Container
Storage Container
Storage Container
Agriculture
Storage Container
Agriculture
Storage Container
Agriculture
Agriculture
Ditch
Agriculture
Agriculture
Agriculture

29%
48%
46%
44%
38%
41%
35%
37%
29%
32%
39%
42%
31%
45%
44%
32%

Habitat %
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Habitat %
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Figure D9: Weekly Larval Habitat Models: Comparison of Anopheles and non-Anopheles
Nuisance Mosquitoes
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Table D6: Moran’s I Autocorrelation
Anopheles
Week Moran's Index

z-score

Late-Instar Nuisance
p-value

Moran's Index

z-score

p-value

1

-0.013066

0.012054 0.990382

-0.289706

-1.844697

0.065082

2

0.010379

0.225019 0.821964

0.285978

3.945015

0.000080

3

0.168173

3.883808 0.000103

0.046601

1.741809

0.081542

4

0.629283 14.461069 0.000000

0.136593

3.616938

0.000298

5

0.622881 16.716332 0.000000

0.086192

2.212685

0.026919

6

0.251934

4.818493 0.000001

0.997035

28.398672

0.000000

7

0.054189

1.466515 0.142508

0.517345

11.162433

0.000000

8

0.058488

1.618322 0.105593

0.353928

10.32928

0.000000

9

0.144689

4.203926 0.000026

0.031091

1.031491

0.302311

10

0.080315

3.211992 0.001318

0.019265

1.116163

0.264352

11

0.225571

5.321790 0.000000

0.107223

2.483931

0.012994

12

0.105720

2.560649 0.010448

0.061499

1.658689

0.097178

13

0.078098

3.115252 0.001838

-0.007103

-0.185759

0.852634

14

0.202997

7.390563 0.000000

0.091146

3.400404

0.000673

15

0.032872

1.138473 0.254923

0.014762

0.548152

0.583587

16

0.017599

0.591973 0.553869

0.125441

3.452913

0.000555
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Figure D10: Weekly Local Moran’s I Output: Comparison of Anopheles and Nuisance
Mosquitoes
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Appendix E: Chapter 5
Mosquito Specimen DNA Extraction Protocols
Boiling method
1. Set up boil to 95oC
2. Add body of mosquito specimen to a 1.7ml micro-centrifuge tube
3. Grind body using grinding pestle
4. Add 100µl PCR H20 and complete grinding
5. Add tube to boil and boil for 30 minutes
6. After boiling, centrifuge for 2 minutes at ~8000rpm
7. Pipette 90µl of supernatant (avoiding mosquito parts) into new 1.7ml
micro-centrifuge tube
8. Label and save new 1.7ml micro-centrifuge tube with sample for PCR
analysis
9. After DNA is extracted, the 1.7ml micro-centrifuge tube containing
homogenized mosquito specimen was retained and stored in a -20o C
freezer for possible future use.
Qiagen DNeasy procedure
1. 1.7ml micro-centrifuge tubes containing homogenized mosquito
specimens were brought into the hood workspace
2. 180 µl of PBS was added to the specimen containing micro-centrifuge
tubes
3. 20 µl of Proteinase K and 200 µl of Buffer AL were added to these
same micro-centrifuge tubes
4. The specimen containing micro-centrifuge tubes were next mixed
thoroughly via vortex, before being centrifuged for 1 minute at 8000
rpm
5. The specimen containing micro-centrifuge tubes were then incubated
for 30 minutes at 56o C
6. The specimen containing micro-centrifuge tubes were set to cool, then
centrifuged for 5 minutes at 8000 rpm.
7. New 1.7ml micro-centrifuge tubes were set up in the hood and labeled
in the same fashion as the centrifuged specimens.
8. 200 µl of ethanol was then added to the new 1.7ml micro-centrifuge
tubes
9. After completion of the centrifuge in Step 6, 400 µl of the supernatant
(avoiding mosquito parts) of the specimen containing micro-centrifuge
444

tubes was added to the new 1.7ml micro-centrifuge tubes containing
ethanol
10. The supernatant and the ethanol in the new 1.7ml micro-centrifuge
tubes are mixed thoroughly via a vortex before being centrifuged for 1
minute at 8000 rpm
11. DNeasy Mini Spin Columns placed in a 2 µl collection tubes were set
up in the hood and labeled in the same fashion as the centrifuged
micro-centrifuge tubes
12. The 600 µl mixture within the new 1.7ml micro-centrifuge tubes is then
added to DNeasy Mini Spin Columns
13. The DNeasy Mini Spin Columns/collection tubes are centrifuged for 1
minute at 8000 rpm and the collection tubes containing the flowthrough are discarded
14. The remaining DNeasy Mini Spin Columns are then placed in new 2 µl
collection tubes and 500 µl of Buffer AW1 is added to the DNeasy Mini
Spin Columns
15. The DNeasy Mini Spin Columns/collection tubes are centrifuged for 1
minute at 8000 rpm and the collection tubes containing the flowthrough are discarded
16. The remaining DNeasy Mini Spin Columns are then placed in new 2 µl
collection tubes and 500 µl of Buffer AW2 is added
17. The DNeasy Mini Spin Columns/collection tubes are centrifuged for 3
minutes at 14000 rpm (to dry DNA membrane) and the collection tubes
containing the flow-through are discarded
18. The remaining DNeasy Mini Spin Columns are then placed in new 2 µl
collection tubes and centrifuged for 1 minute at 14000 rpm to ensure a
dry membrane. This prevents residual ethanol from interfering with
subsequent reactions. The collection tubes containing any possible
flow through are discarded
19. New 1.7ml micro-centrifuge tubes were set up in the hood and labeled
in the same fashion as the DNeasy Mini Spin Columns.
20. The remaining DNeasy Mini Spin Columns are then placed within the
new 1.7ml micro-centrifuge tubes
21. 60 µl of Buffer AE is added directly onto the DNeasy membrane of the
DNeasy Mini Spin Columns and incubated for 1 minute at room
temperature
22. The DNeasy Mini Spin Columns in the new 1.7ml micro-centrifuge
tubes are then centrifuged for 1 minute at 8000 rpm to elute
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23. The DNeasy Mini Spin Columns are then discarded and the 1.7ml
micro-centrifuge tubes containing the flow-through stored for future
PCR analysis
24. The final 1.7ml micro-centrifuge tubes containing the flow-through
enclose each respective specimens extracted and purified DNA.
Identification by PCR Analysis Protocol
PCR preparation set up
1. Place all needed primers for the Master Mix on ice
2. Add all reagents in order as described above into the Master Mix
3. Quickly vortex the Master Mix before placing it in the centrifuge for 30
seconds
4. Pipette 26µl of the Master Mix into each well of a PCR plate
5. Label PCR Plate (Including 2 blank controls)
6. Place PCR Plate on ice and move to sterile area to add DNA
DNA procedure
1. DNA generated during the DNA extraction process is added in the amount of
4ul to each of the wells containing 26µl of Master Mix.
a. DNA is not added to the blank control wells, instead 4ul of PCR water
are added to these remaining wells to serve as controls.
b. Positive control DNA is added to the appropriate wells
2. Once all DNA and blanks are added, the DNA plate is sealed with a PCR
compatible heat seal.
PCR cycle conditions93
• 95°C/5min x 1 cycle
• (95°C/30sec , 50°C/30sec , 72°C/30sec) x 30 cycles
• 72°C/5min x 1 cycle
• 4°C hold
Gel electrophoresis procedure
1. Measure 6g of agarose. This will then be placed in a 1000ml flask
2. A separate graduated cylinder is then filled with 50ml 20X TAE and
950ml Deionized (DI) Water (This functions as a buffer)
3. This buffer will then be mixed by inverting the cylinder
4. 400ml of this mix is added to the agarose flask and then placed into the
microwave for 6 minutes
5. After 6 minutes, the flask is removed and left to cool
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6. While cooling, the respective combs are to be added to the to the
electrophoresis tray
7. Once cooled, the agarose mix is poured slowly into the tray (1/3 up
comb), as to not create bubbles
8. PCR samples are quickly centrifuged for 1 minute at 4000rpm
9. After 15 minutes 2µl (or a 1:5 ratio Dye to DNA) of loading dye is
added to a separate plate that is organized in the style of the PCR
samples
10. 5µl of DNA from PCR plate is added to each well in the plate
containing the loading dye and mixed within the pipette
11. The plate is set aside and the tray containing the gel along with comb
is added to the electrophoresis
12. The remaining 600ml (or what is needed) of the 20X TAE/DI water
mixture is poured into the unit until the gel if completely submerged
13. The comb is then carefully removed
14. 10µl of DNA ladder is added to the gel at the beginning and end of
where samples are to be set
15. 5µl of DNA/loading dye mix are pipetted from their plate into the
wells created in the gel by the combs
16. The outline of the gel is recorded for analysis
17. The electrophoresis unit is then connected and set to 120 volts, 400
amps, for 60 minutes
18. Upon completion of electrophoresis, the gel is then placed in ethidium
bromide (EtBr) to soak for 15 minutes
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Table E1: PCR Master Mix
Reagent

1X (µl)

8X (µl)

17.375

139

Taq 10X PCR Buffer with MgCl2

2.5

20

2mM DNTP

2.5

20

MgCl2

1.5

12

UN (GTGTGCCCCTTCCTCGATGT)

.625

5

AR (AAGTGTCCTTCTCCATCCTA)

.625

5

GA (CTGGTTTGGTCGGCACGTTT)

.625

5

Taq DNA polymerase

.25

2

PCR H20

Lane 1: Anopheles gambiae (390bp)
Lane 2: Anopheles arabiensis (315bp)
Lane 3: 1kb ladder
Figure E1: ENDURO GDS Gel Documentation System Output93
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Table E2: PCR Inhibitor test
Boiling Method
SAMPLE 260/280 260/230
Boil #1
2.85
0.99
Boil #2
1.85
0.57
Boil #3
2.77
1.01
Boil #4
1.6
0.5
Boil #5
2.7
0.96
Boil #6
1.68
0.63
Boil #7
2.02
0.61
Boil #8
1.98
0.76
Boil #9
1.99
0.77
Boil #10
1.87
0.73
AVG
2.131
0.753

Qiagen DNeasy Method
SAMPLE
260/280 260/230
DNeasy #1
2.02
1.5
DNeasy #2
1.94
1.61
DNeasy #3
2.06
1.27
DNeasy #4
2.08
1.93
DNeasy #5
1.97
1.5
DNeasy #6
1.93
1.21
DNeasy #7
2.04
1.99
DNeasy #8
2.03
2.49
DNeasy #9
2.01
2.19
DNeasy #10
2.05
2.06
AVG
2.013
1.775

Figure E2: PCR Amplification: Boiling and Qiagen DNeasy Methods
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Appendix F: Chapter 6
Figure F1: Datalogger Set Up

Sugar/Yeast

Dry Ice

Figure F2: Yeast /Sugar Carbon Dioxide Production Over 24 Hours

Yeast/Sugar CO2% Over 24 Hours
35
30
25

Y/S Test
1
Y/S Test
2
Y/S Test
3

CO2 % 20

15
10
5
0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Hours
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Table F1: Yeast/Sugar Carbon Dioxide Production

Yeast/Sugar
Test

% CO2
After
24 hrs

% CO2
After
48 hrs

% CO2
After
72 hrs

% CO2
After
96 hrs

1
2
3
Mean

32
32
32
32

32
30.51
32
31.5

19.88
20.09
23.25
21.07

10.24
9.66
12.53
10.81

Total
Time at
Peak
(Hrs)
45.75
40.5
47.25
44.42

Time
Until
Peak
(Hrs)
4.5
4.5
5.75
4.92

Figure F3: Yeast/Sugar Carbon Dioxide Production Over 96 Hours

Yeast/Sugar CO2% over 96 Hours
35%
30%
25%
CO2

Test 1

20%

Test 2

15%

Test 3

10%
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0%

24 hours
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96 hours

Figure F4: Time Prior to Peak Carbon Dioxide Production: Corncob Addition

Figure F5: Dry Ice Carbon Dioxide Production Over 24 Hours

Dry Ice CO2% Over 24 Hours
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Table F2: Dry Ice Carbon Dioxide Production

Dry Ice
Test

% CO2
After
24 Hrs

% CO2
After
48 Hrs

% CO2
After
72 Hrs

% CO2
After
96 Hrs

1
2
3
Mean

0.96
2.01
1.24
1.40

0.01
0.03
0.03
0.23

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

Total
Time at
Peak
(Hrs)
14.25
14.5
13.25
14

Time
Until
Peak
(Hrs)
0
0
0
0

Until
<0.1%
(Hrs)
31
33.75
33
32.58

Figure F6: Dry Ice Carbon Dioxide Production Over 96 Hours

Dry Ice CO2% Over 96 Hours
2.50%
2.00%
Test 1

1.50%
CO2

Test 2
1.00%
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0.50%
0.00%

24 Hours

48 Hours

72 hours

453

96 Hours

Figure F7: Yeast/Sugar Vs. Dry Ice Carbon Dioxide Production Over 24 Hours

Figure F8: Yeast/Sugar Vs. Dry Ice Mean Carbon Dioxide Production Over 96 Hours

Yeast/Sugar v. Dry Ice
CO2 Mean Production Over 96 Hours
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Table F3: Complete Comparison of Dry Ice and Yeast/Sugar
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Table F4: Field Conversion Table
Ingredient

Lab Measurements

Water

155 ml

5.24 oz

10.5 Tbs

-

200 ml

6.76 oz

13.5 Tbs

-

355 ml

12.0 oz

24.0 Tbs

Yeast

7.3933 g

-

0.50 Tbs

Sugar

120 g

-

8.00 Tbs
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Field Conversion

